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AE  Alkaline-earth metal 
AFM  Antiferromagnetic 
BVS  Bond valence sum 
CN  Coordination number 
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Binary transition metal (TM) nitrides are playing an important role in industry due to their 
valuable electric, mechanical, or chemical properties. For example, titanium nitride (TiNx) is 
used as a thin coating due to its outstanding hardness [1, 2]. Molybdenum nitrides have found 
application as catalysts in hydrogenation reactions [3, 4]. Permanent magnets based on the 
iron nitride Fe16N2 attract much attention since they can outperform rare-earth-based materials 
[5]. 
In contrast, ternary and other multinary transition metal nitrides are far less explored 
[6]. This can be explained by high stability of molecular nitrogen, which makes the synthesis 
of nitrides generally more challenging in comparison with, e.g., oxides. 
Nitridometalates represent a subfamily of multinary nitrides. They can be regarded as 
compounds containing [MNz]
y–
 anions (M can be a transition metal or a main-group metal) of 
different dimensionalities, stabilized by cations of electropositive metals (A
x+
), typically 
alkali, alkaline-earth, or rare-earth metals. This stabilization is referred to as the inductive 
effect, which implies that the electrons are transferred from the electropositive element to the 
anion, stabilizing the metal-nitrogen bond. The octet rule is satisfied for nitrogen in this 




 species is considered to be of ionic 
nature [7].  
Many binary transition metal nitrides represent metal-rich compounds with low 
oxidation states of the corresponding TM and are primarily stabilized by metal-metal bonding 
(e.g., Ta2N, Mn4N etc.) [8]. Since in nitridometalates the inductive effect stabilizes the 
[MNz]
y–
 anions, higher oxidation states can be achieved. Thus, the highest oxidation number 
of Mn in a binary nitride is +3 (MnN). MnN decomposes at 753 K yielding Mn-rich nitrides 
Mn2N and Mn4N [9]. On the other hand, when nitridomanganates are formed, an oxidation 
state of +5 can be achieved; the corresponding nitride (Li7[MnN4]) is stable up to 1103 K 
[10]. 
In general, nitridometalates containing transition metals display a number of 
peculiarities which make them unique.  
These compounds normally demonstrate low coordination numbers (CNs) of 
constituting transition metals (typically, between 2 and 4). Octahedral coordination, which is 
widely observed in oxo- and halometalates, is rarely realized for TM in nitridometalates [6]. 
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Thus, for 3d elements, the highest coordination number in nitridometalates is five. Five-fold 
coordinated atoms of 3d elements are found in Sr[TiN2] [11, 12] and La3[M2N6] (M = V, Cr) 
[13, 14]. Low coordination numbers stem from a relatively higher electron density on 
nitrogen ligands in comparison with oxygen or halogen ligands. The resulting stronger 
repulsion between nitride ions precludes a high number of N ligands from residing around one 
TM atom. Consequently, higher coordination numbers can be realized if the ligand charge is 
reduced, e.g., by going from nitrides (N
3–
) to azides (N3
–
). As an example, in the structure of 
(PPh4)2[Mn(N3)6] (PPh4 = tetraphenylphosphonium), Mn is six-fold coordinated by azide ions 
[15]. It is worthwhile to mention that in the structures of covalent 3d nitrides, higher 
coordination numbers are frequently observed (e.g., CN = 6 for the rocksalt-type TMN with 
TM = Ti, V, Cr etc.), since the effective charge on nitrogen is smaller in the absence of a 
highly electropositive metal [16, 17]. 
A high effective charge on nitrogen leads to a noteworthy tendency of N atoms to 
possess in turn high coordination numbers (usually, between 4 and 8, with 6 being the most 
common CN in many nitrides [6, 18]). Brese and O’Keeffe [18] proposed a structural 
description of nitrides based on the arrangement of N-centered octahedra. Some nitrides can 
be accordingly regarded as anti-types of known oxides and halides in which transition metal 
atoms are typically octahedrally coordinated, and non-metal atoms show low coordination 
numbers. Thus, binary alkaline-earth metal subnitrides AE2N (AE = Ca, Sr, Ba) crystallize in 
the anti-CdCl2 structure [19], whereas nitrides with the composition M3N2 (M = Ca (α), Be 
(α), Mg, Zn) adopt the anti-Mn2O3 structure type [20–22]. Other examples are M3N (M = Cu, 
Na, anti-ReO3 [23, 24]), M3N (M = K, Ba, anti-ZrCl3 [25, 26]), β-Ca3N2 (anti-α-Al2O3 [27]),  
ε-Ti2N (anti-TiO2 (rutile) [28]), α-Ti2N (anti-TiO2 (anatase) [29]). Nitridometalates typically 
form more complex crystal structures. Scandium nitridotantalate, Sc[TaN2], crystallizes in the  
anti-Cr2AlC type [30] with an octahedral coordination of N, though Ta in this compound is 
also 6-fold coordinated. Coordination number 8 is adopted by nitrogen in some 
representatives of lithium-rich nitridometalates. For example, Li7[TMN4] (TM = V, Mn, Nb, 
Ta [31–34]) and Li3[FeN2] [35] can be described as anti-CaF2 (i.e., Li2O) derivatives with a 
metal to nitrogen ratio of 2 : 1. In some highly metal-deficient antifluorite-type nitrides, lower 
nitrogen CNs are possible, e.g., CN(N) = 6 in Li5[ReN4] [36]. 
Another important feature of nitridometalates is the absence of N–N bonds. Although 
azides and diazenides are known, they are normally metastable and can be prepared by soft 
chemistry routes or under high nitrogen pressures [37, 38]. This reflects a reduced tendency of 
nitrogen towards catenation in comparison with, e.g., carbon or boron. As a result, 
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nitridometalates differ not only from oxo- and halometalates but also from carbo- and 
borometalates [6, 39, 40]. 
Although a vast majority of nitridometalate structures can be regarded as consisting of 
electropositive metal cations A
x+
 and nitridometalate building blocks [MNz]
y–
, other complex 
structures are known, containing oxide (e.g., Ca5[WN4]O2 [41]), halide (e.g., LiSr2[TaN3]F 
[42]) or nitride blocks (e.g., Ca6[FeN3]N2 [43], Fig. 1). 
 
 
Figure 1. Crystal structures of nitridometalates containing oxide, fluoride and nitride building 





Nitridometalates frequently crystallize in unique structure types adopted by a single 
representative. Apparently small chemical changes (e.g., exchange of Ba for Sr) may lead to 
completely different structures and compositions. This feature is tightly connected with 
nitrides having relatively smaller absolute values of formation enthalpies in comparison with, 
e.g., oxides [44, 45]. This leads to shallow minima on the potential energy surface 
corresponding to particular crystal structures. Small perturbations force the system to move 
out from the minimum to stabilize a new atomic arrangement. In contrast, in the case of 
oxides, different compositions may adopt a single crystal structure (e.g., perovskite type), 
possibly with minor variations. 
All this makes nitridometalate chemistry very attractive. However, a number of 
experimental challenges arise when dealing with this class of compounds. Besides the fact 
that nitrides are generally less thermally stable than oxides, a high affinity of electropositive 
metals (alkali and alkaline-earth, as well as rare-earth metals) towards oxygen makes most 
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nitridometalates extremely air- and moisture-sensitive. The necessity to work under O2- and 
H2O-free conditions complicates both the synthesis and investigations of nitridometalates. 
Indeed, in the last years, the nitridometalate research has been mainly limited to 
structural characterization of these materials, while their physical properties have been 
scarcely studied for the reasons mentioned above. Only recently the field of nitridometalates 
has come into the focus of the physical community due to interesting properties reported in 
certain representatives of the family. Thus, layered compounds AE[TMN2] (AE = Sr, Ba; TM 
= Ti, Zr, Hf) were predicted to display enhanced thermoelectric performance in comparison 
with the corresponding oxide analogues [46–49]. Li2[Li1–xTMxN] (TM = Mn, Fe, Co, Ni) 
phases revealed an exotic magnetic behavior, including large spin-orbit coupling and giant 
magnetocrystalline anisotropy [50–56]. An improved single-crystal growth technique yielded 
large crystals of the solid solution Li2[Li1–xFexN] with tunable iron content, which allowed for 
various magnetic property investigations [57]. Several lithium-containing nitridometalates 
were proposed as potential electrode materials owing to acceptable Li-ion diffusion rates [58, 
59]. 
Despite the development of new synthetic and analytical techniques, the knowledge of 
nitridometalates remains rather limited. In particular, this is reflected in the fact that up to 
now mostly TM-poor compositions have been synthesized and investigated (Fig. 2). To some 
extent, this is related to the tendency of [MNz]
y–
 species to be more efficiently stabilized if a 
high content of the electropositive metal is used. In addition, since the corresponding binary 
transition metal nitrides frequently contain TMs in low oxidation states, whereas the oxidation 
number in nitridometalates is higher, the formation of TM-rich phases inevitably leads to the 




), which is not favorable from the 
viewpoint of the entropy change. This situation is different for, e.g., nitridosilicates. Silicon 
nitride, Si3N4, is thermodynamically stable [60], and the formation of silicon-rich phases from 
alkaline-earth nitrides and silicon nitride does not imply any oxidation state changes (and 
hence any N2 absorption). As a result, silicon-rich nitridosilicates are common (e.g., 
AE2[Si5N8] [61], AE[Si7N10], AE = Sr, Ba [62, 63], etc.). Another point explaining the 
majority of known transition-metal-bearing nitridometalates being located in the TM-poor 
regions of the corresponding phase diagrams is the researchers’ intention to grow single 
crystals for structural investigations. Single crystals of AE- or Li-rich nitridometalates can be 
more easily grown, since some crystal growth methods have been designed for these 
compounds. Thus, crystal growth of Sr and Ba nitridometalates from liquid sodium is possible 
due to a significant solubility of binary Sr and Ba nitrides in this metal [64]. Single-crystal 
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growth directly from alkaline-earth metal melts has been also employed for several nitrides 
[65, 66]. Lithium nitride or its mixtures with lithium metal can be used to grow Li-bearing 
nitridometalates [57, 67–69], as well as Li-free compounds [70, 71]. 
 
 
Figure 2. Compositions of the known AE–TM–N nitridometalates. 
 
Transition-metal-rich nitridometalates could turn out to be interesting both from the 
structural, as well as from the physical, point of view.  
For nitridometalates, the following tendency appears to hold true. When the TM/AE 
(or TM/RE, TM/Li etc.) ratio in the composition is increased, the dimensionality of the 
nitridometalate building blocks can either increase or remain unchanged. This follows from 
the fact that the coordination environment of nitrogen gets enriched with TM atoms, thereby 
creating extended TM–N–TM sequences. Higher dimensionalities (chains, layers) can 
therefore be generated starting from nitridometalates with isolated [TMNz]
y–
 units simply by 
increasing the TM/AE ratio. This approach seems to be trivial, though it does not always work 
for other classes of compounds, e.g., oxides (thus, Ca[MnO3] possesses a three-dimensional 
oxomanganate framework [72], whereas Ca[MnO4]2 comprises isolated [MnO4] units [73]; 
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note that the oxidation state is neglected). Apparently, for TM-nitridometalates no exceptions 
are known. Certainly, this rule should be only applied with caution within one single system. 
For instance, taking the Ba–Ni–N system into consideration, there are three barium 
nitridonickelates known. The most Ba-rich one is Ba8[NiN]6N (TM/AE = 0.75) [74], 





] zig-zag chains. The Ni-richer phase Ba[NiN] (TM/AE 





] chains (i.e., the same dimensionality), and the most Ni-rich 
compound Ba2[Ni3N2] (TM/AE = 1.5
1





] nets (increased 
dimensionality). In comparison, in the Sr–Ti–N system, the Sr[TiN2] (TM/AE = 1) phase 





] tetragonal pyramids 
[11, 12]. Other strontium nitridotitanates are not known; however, in the similar AE–Ti–N 
systems (AE = Ca, Ba), two more compounds have been reported: Ca4[TiN4] (TM/AE = 0.25) 
[70] with isolated [TiN4]
8–
 tetrahedra and Ba10[Ti4N12] (TM/AE = 0.4) [77] with isolated  





] tetrahedra. The latter example shows 
that the increase of the TM/AE ratio naturally leads to a condensation of the nitridometalate 
building blocks, though this does not necessarily increase the structural dimensionality. 
Similar trends are well-known for, e.g., oxosilicates [78]. 
Going from isolated building blocks to one-, two- or three-dimensional structures 
should in general lead to more complex magnetic interactions if transition metals bearing 
uncoupled d-electrons are considered. In addition, magnetic frustration and spin-confinement 
effects can be expected for one-dimensional and two-dimensional magnetic topologies. 
Anisotropic transport and, possibly, superconductivity can be realized in nitridometalates of 
intermediate dimensionalities [79–81]. All this makes the investigation of TM-rich 
compositions particularly appealing. 
Among transition metals, manganese is known to display the richest variety of 
oxidation states and coordination numbers in its nitride compounds. Besides four 
thermodynamically stable binary nitrides (Fig. 3), Mn forms a plethora of ternary and 
quaternary nitrides. The rich nitride chemistry of Mn resulted in a stand-alone review [82]. 
However, even for nitridomanganates, mostly TM-poor compositions have been reported so 
far. 
  
                                                     
1
 It is worthwhile to note that Ba2[Ni3N2] represents the alkaline earth nitridometalate with the highest TM/AE 
ratio reported so far. 
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1.2. Nitridocompounds of manganese 
 
1.2.1. Binary Mn nitrides 
 
 
Figure 3. Mn–N phase diagram [83]. 
 
All binary manganese nitrides display wide homogeneity ranges. In addition, rather 
significant amounts of nitrogen can be dissolved in solid manganese – up to ≈ 4 at. % in  
β-Mn, though the solubility in the low-temperature α-Mn is considerably lower (up  
to ≈ 0.5 at. %) [83].  
ε-Mn4N contains 19–21.5 at. % N. This nitride crystallizes in the Fe4N type and can be 
regarded as an antiperovskite MnNMn3 with two independent Mn positions occupying the Ca 
and O sites of the perovskite structure and N residing in the Ti positions [84]. Thin films of  
ε-Mn4N were found to display a small tetragonal distortion [85]. ε-Mn4N is ferrimagnetic with 
TC ≈ 740 K [86].  
The ξ-Mn2N phase exists in the compositional range 11 to 36 at. % N, depending on 
the temperature. For these reasons, a congruent transition between ε-Mn4N and ξ-Mn2N 
occurs at a composition of ≈ 19.5 at. % N (T = 1160 K). Although being frequently regarded 
as a single-phase region, the discussed compositional range comprises several crystalline 
phases with not yet well-established phase relations [87]. The disordered ξ-Mn2N (the so-
called γ-type of ξ-Mn2N) crystallizes in the anti-NiAs type with an hcp arrangement of Mn 
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atoms and a partial occupation of octahedral voids by N atoms. Ordered variants were found 
to crystallize in, e.g., the anti-PbO2 (ζ-type) and anti-CaCl2 (β-type) structures. ξ-Mn2N with 
the composition Mn2N0.98 orders antiferromagnetically at TN = 310 K [88]. Oxygen-doped 
thin films of ξ-Mn2N display a ferromagnetic ordering at TC = 329 K [89].  
At higher nitrogen contents, two more phase regions are observed. One corresponds to 
the so called η-Mn3N2 nitride, and the second one represents Θ-Mn5N6. The former compound 
exists in the compositional range 38–41 at. % N und is stable up to 983 K, whereas the latter 
one contains 45.5–49 at. % N and decomposes above 853 K. A sample of the Θ-phase with 
the reportedly 1 : 1 composition (MnN) was prepared by a high-rate triode DC reactive 
sputtering and is stable up to 753 K [9]. The η and Θ phases can be described as defect 
rocksalt-type derivatives [90–92]. Θ-Mn5N6 shows no nitrogen ordering and crystallizes in a 
defect CoO type. η-Mn3N2 displays a partial ordering of nitrogen leading to a 1  1  3 CoO 
type superstructure. Both the η and the Θ phases order antiferromagnetically well above room 
temperature (TN ≈ 900 K for η-Mn3N2 [93] and 670 K for Θ-Mn5N6 [92]). By nitriding a  
Fe–Mn alloy with 1.62 mass % Mn, a metastable Mn nitride was obtained [94]. Although its 
crystal structure has not been determined so far, the authors suggest the space group P42/mmc 
and the lattice parameters a = 2.876 Å, c = 5.752 Å. 
 
1.2.2. Multinary Mn nitrides with transition and main-group elements 
 
Multinary manganese nitrides are also numerous. By substituting Mn in the Mn4N structure, a 
group of compounds with the composition Mn3MNz (M is a transition metal or a main-group 
element, 0 ≤ z ≤ 1) can be obtained [95–97]. Some interesting physical phenomena have been 
found in many of these phases, such as spin-glass magnetic behavior in Mn3Cu1–xMxN (M = 
Si, Ge, Ga, Ni) and in Mn3GaN [98–101], multiple magnetic transitions in Mn3–xSnxN [102], 
giant magnetostriction in Mn3CuN [103], shape memory effects in Mn3CuN1–δ [104], 
adjustable temperature coefficient of electrical resistivity in Mn3Ag1–xCuxN (which makes 
these materials suitable for precision resistors) [105], negative (NTE) or zero thermal 
expansion (ZTE) in Mn3Cu1–xMxN (M = Ge, Sn, Zn) [106–110]. In most cases, Mn3MNz 
phases retain the cubic perovskite structure, though tetragonally and orthorombically distorted 
compounds have been also reported [111–113]. For instance, Mn3GeN0.75 crystallizes in the 
Cr3AsN structure type (filled U3Si variant, space group I4/mcm) [113]. In contrast, Mn3TMNz 
(TM = Pt, Rh, z = 0.2–0.25) compounds, formally having an analogous composition, adopt the 
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Ti3AlOz structure type (space group P63/mmc), with columns of face-sharing (NMn6/2) 
octahedra [114, 115]. 
Manganese forms wurtzite-superstructure-type Mn[MN2] (M = Si, Ge) nitrides  
(β-Na[FeO2] type, space group Pna21) [116]. Both phases were reported to order 
antiferromagnetically at TN ≈ 450 K [117, 118]. Later, it was shown that Mn[SiN2] displays a 
complex magnetic behavior combining magnetic frustration, low-dimensional magnetic 
interactions, and spin-canting [119]. Mn[SiN2] has been found to form continuous solid 
solutions with the isotypic Mg[SiN2], possessing promising performance as red emitting 
phosphors [120]. A recent study demonstrated that Mn[GeN2] can be grown as thin films with 
a defect-induced non-zero net magnetic moment at room temperature [121]. 
Ammonolysis of the oxides Mn[TMO4] (TM = Mo, W) leads to the corresponding 
Mn[TMN2] nitrides [122, 123]. Mn[WN2] was reported to adopt two modifications – the  
α-phase (space group P63mc) and the β-phase (MoNiP2 type, space group P63/mmc). The  
α-modification comprises layers of edge-sharing [WN6/3] octahedra, whereas Mn atoms adopt 
a 4-fold coordination by N ligands. In the β-modification, Mn atoms are sandwiched between 
the layers of edge-sharing trigonal prisms [WN6/3] and adopt a distorted octahedral 
environment. Mn[MoN2] was found to be isotypic to β-Mn[WN2] and to be a bad metal with 
an almost temperature-independent resistivity. Reported physical properties of Mn[WN2] 
modifications are contradictory, possibly due to a varying content of residual oxygen [123, 
124]. 
Mn2[PN3] was reported, but its crystal structure has not been determined [125]. The 
nitridophosphates Mn5.5H3[P12N24]Cl2 [126] and Mn8[P12N24]S2 [127] (space group I 4̅3m) 
feature the sodalite-type [P12N24] framework. Recently, Mn[P2N4] has been obtained by high-
pressure synthesis. It crystallizes in a megakalsilite-type (KAl[SiO4]) superstructure [128]. 
Transition-metal-rich nitrides containing Mn have crystal structures with characteristic 
intermetallic atomic arrangements: ErMn12N with a filled ThMn12 structure type [129], 
Sm2Fe17–xMnxNy (0 ≤ x ≤ 6, y ≈ 3) with a filled Th2Zn17 type [130], and Mn3–xTM3+xN (TM = 
Nb, Ta) with a filled Ti2Ni type (i.e., Fe3W3C type) [131]. ErMn12N displays decoupled AFM 
ordering of Mn atoms and FM ordering of Er atoms [129]. The ferromagnetic  
Sm2Fe17–xMnxNy shows a change of the easy magnetization direction from in-plane ( c) to 
out-of-plane ( c) at x > 2 [130]. Other TM-containing Mn nitrides are MnTM3N4 (TM = Ta, 
Ta/Ti), crystallizing in the anti-TiAs structure type [132] and (TMxMn1–x)N (TM = Ti, V)
1
, 
adopting a disordered rocksalt-type structure [134]. Continuous solid solutions of the 
                                                     
1
 The meteorite mineral carlsbergite (Cr, Fe, Ni, Mn)N also adopts the rocksalt-type structure [133]. 
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composition M2N1–x and apparently limited solid solutions of the composition MN1–x have 
been reported in the Cr–Mn–N system [135]. No physical property data are available for other 
mentioned TM–Mn nitrides.  
Mn-substitution in the AE2[Si5N8] (AE = Ca, Sr, Ba) [136] and Zn[GeN2] [137] 
nitrides leads to the solid solutions with a proposed use as red-emitting phosphors, whereas 
(M, Mn)N (M = Ga, In) compounds have been extensively investigated as dilute magnetic 
semiconductors and potential spintronic materials [138–140]. 
Upon reducing Mn2O3 by carbon in a nitrogen atmosphere, a carbide-nitride with the 
composition Mn2C0.6N0.2 can be obtained [141]. It crystallizes in the V2N structure type. A 
number of oxonitrides have been reported, e.g., the Li[NbO3] type MnTaO2N was found to 
possess an unusual helical spin order [142]. Li7.9MnN5–yOy with a disordered Li2O structure 
was studied as a potential electrode material [143]. In addition, manganese nitride complexes 
with other ligands are known [144, 145]. Some of them, e.g., [MnN(CN)4]
2–
, have been 




Ternary nitridomanganates are known for lithium, alkaline-earth metals, cerium, thorium, and 
uranium. In addition, quaternary phases in the Li–AE–Mn–N systems and a mixed transition 
metal compound, Sr8[MnN3]2[FeN2], have been synthesized. 
In the Li–Mn–N system, several line compounds and solid solutions have been 
reported. A reaction of Li3N with manganese below 1103 K yields the cubic Li7[Mn
V
N4] 
(space group P4̅3n) [10, 31]. Similarly to other lithium-rich nitridometalates, this phase can 
be described as an ordered anti-CaF2 type derivative. Mn atoms are four-fold coordinated by 
N ligands forming [MnN4]
7–
 tetrahedra. Li7[MnN4] was found to undergo two magnetic 
transitions at 25 K and 8 K, with the former one being of AFM character and the latter one of 
FM type [10]. At high temperatures, Li7[MnN4] demonstrates a Curie-Weiss-type 
paramagnetic behavior with an effective magnetic moment close to the spin-only value for a  
S = 1 ion (d
2
 configuration). The absence of any orbital contribution was also confirmed by an 
electron spin resonance measurement [147]. Among all nitridomanganates, Li7[MnN4] has 
been most extensively studied due to its possible applications as an electrode material for  
Li-ion batteries [148–153] and as a hydrogen-storage material [154, 155]. Electrochemical 
delithiation of Li7[MnN4] yields the metastable Li7–x[MnN4] solid solution with x up to 1.55, 
which corresponds to the Mn oxidation state of +6.55 [148]. A solid solution with the 
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composition Li7[Mn0.5V0.5N4] was also reported. The optical bandgap of this material was 
found to be 1.10 eV [156]. 
Above 1103 K, Li3N and Mn react to yield the solid solution Li2[Li1–xMnxN]  
(xmax = 0.77(2)) with the α-Li3N structure in which Li atoms linearly coordinated by N are 






] chains running along the [001] direction. The compound with the 
composition Li2[Li0.33(1)Mn0.67(1)N] orders antiferromagnetically at TN ≈ 24 K and possesses a 
localized magnetic moment corresponding to the S = 1 state of the Mn ion (i.e., a low-spin 
configuration of a d
6
 ion with the D∞h point group symmetry) [10]. 
Reduction of Li7[MnN4] with metallic Li under inert conditions (Ar) in the 
temperature range 1103–1123 K allows the preparation of Li24[MnN3]3N2–δ (δ ≈ 0.1) and  
Li5[L1–xMnxN]3 (x ≈ 0.6) [10]. The former compound contains slightly non-planar 
[MnN3]
(6+δ)–
 units of C3v symmetry (pyramid height is about 0.28 Å) along with isolated 
distorted [Li8N]
5+
 cubes and Li
+
 ions. The crystal structure can be described as a distorted 
anti-CaF2 superstructure with defects in the anionic nitride substructure. The distortion of 
[MnN3]
(6+δ)–
 units from planarity originates from the specific coordination surrounding of 
these species in the crystal structure. Li24[MnN3]3N2–δ orders antiferromagnetically at  
TN ≈ 9 K and shows localized magnetic behavior at high temperatures with the effective 





xN]3 represents a defect α-Li3N variant with ordered Li vacancies. The oxidation 
state of Mn reaches ≈ +1.6 for x = 0.6. 
Lithium nitridomanganates Li2[Li1–xMn
I





N4] have been studied by X-ray absorption spectroscopy (XAS) at the Mn K-edge, 
and the expected shift of the absorption edge to higher energies with increasing oxidation 
number was observed in the recorded spectra [158]. 
Besides lithium nitridomanganates described above, the solid solution LixMn2–xN with 
the antirutile structure can be prepared from Li3N and Mn at 993 K under N2 [159]. 
Li0.67Mn1.33N shows semiconducting behavior and orders antiferromagnetically at  
TN ≈ 115 K. 
Five nitridomanganates have been reported in the AE–Mn–N systems. In the  





former compound was initially prepared by reacting Ca3N2 with Mn4N in an alumina crucible 
inside a closed steel tube [160] at 1303 K. The resulting sample contained CaO and metallic 
Mn as impurities. Phase-pure samples were obtained from Ca3N2 and Mn under N2 at 1323–
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1373 K [161]. Ca6[MnN3]N2 is isotypic to other Ca6[MN3]N2 (M = Ga, Fe [43]) nitrides
1
. Its 
structure contains isolated [MnN3]
6–
 units with the D3h symmetry, located between the layers 
of edge-sharing (NCa6/2)
3+ 
octahedra. The latter layers accommodate large voids in the 
positions of the [MnN3]
6–
 units in the adjacent layers. Since the electron configuration of 
Mn
III




 [163], where a1 has the dz
2
 character, the 
size of these voids can be explained by a large spatial demand of the occupied dz
2
 orbital [82]. 
In the first report on this compound [160], a diamagnetic behavior was found at room 
temperature, which contradicts the above-given electron configuration. A possible distortion 
of the [MnN3]
6–
 units was proposed as an explanation. However, later it was shown that the 
phase-pure Ca6[MnN3]N2 is a paramagnet with a localized magnetic moment close to the 
spin-only value for an S = 1 ion
2
. An antiferromagnetic transition takes place at 14 K [161]. 
The origin of the striking difference between the reported magnetic properties is not clear.  
Another calcium nitridomanganate, Ca3[MnN3], was produced in the form of single 
crystals from Ca, Mn and Li in a somewhat Mn-richer batch at 1173 K under N2, using the in-
situ generated Li3N as a flux [164]. The compound crystallizes in the same structure type as 
other Ca3[TMN3] phases (TM = V, Cr [66, 165]). The isolated planar [MnN3]
6–
 units are 
distorted from the perfect trigonal symmetry down to C2v. These units are packed in the layers 
running along the [001] direction. No physical property data are available for this compound. 
For heavier alkaline-earth metals, nitridomanganates with the composition 
AE3[Mn
III
N3] (AE = Sr, Ba) are also known [166]. Single crystals were prepared using the 
same technique as in the case of Ca3[MnN3] at T = 1123 K, or by annealing AE2N/Mn 
mixtures under N2 at T = 1173–1223 K. They are isotypic to the AE3[MN3] phases (AE = Sr, 
Ba; M = Ga, Cr, Fe [65, 162, 167, 168]). Similarly to Ca6[MnN3]N2, isolated [MnN3]
6–
 
triangles in Sr3[MnN3] and Ba3[MnN3] have the D3h point group symmetry. A noteworthy 
feature of these phases is the empty hexagonal channels running along the [001] direction. 
Electrical resistivity and magnetic data were obtained for the strontium phase [161]. 
According to these measurements, Sr3[MnN3] shows semiconducting or bad metallic behavior 
and Curie-Weiss-type paramagnetism at high temperatures. Upon cooling, it undergoes an 
FM-like transition at around 100 K and a long-range AFM ordering at 68 K. The magnetic 
                                                     
1
 In addition, Sr6[GaN3]N2 is known to adopt the same structure [162]. 
2
 It is worthwhile to note that the electronic configuration of a d
4
 ion in the D3h symmetry with the proposed 
splitting scheme cannot possess any (first order) orbital moment, since the direct product Γ  Γ of a non-
degenerate ground state Γ always has the A1 character, whereas the components of the orbital momentum 
operator (L̂) are transformed as A2 and E. 
21 
 
moment in the paramagnetic regime was found to be 2.3 μB, which seems to be somewhat too 
low for an S = 1 state. The lattice parameters reported in the latter study differ significantly 
from those given in the original publication [166], which means that a certain homogeneity 
range is probable. In general, the reported behavior of the AE3[TMN3] (AE = Sr, Ba; TM = 





N3] was obtained in polycrystalline form, as well 
as in the form of single crystals, by reacting Sr2N with Mn under ambient or elevated nitrogen 
pressures at T = 1223–1263 K [161, 170]. Three crystallographically independent Mn atoms 
form isolated distorted [MnN3]
x–
 units with the Mn–N distances ranging from 1.67 Å to  
1.80 Å. A semiconducting behavior was found for this phase. Sr8[MnN3]3 shows localized 
magnetism consistent with the S = 
1
2
 state for Mn
4+
 and S = 1 for Mn
3+ 
[161]. 
Nitridomanganates with the composition R2[MnN3] (R = Ce, Th, U) were obtained by 
reacting the corresponding RN nitrides or R metals with metallic Mn under flowing nitrogen 
at different temperatures in the range T = 1173–1873 K, depending on R [171–173]. They 
share the same Sr2[CuO3] structure type with the chromium nitrides R2[CrN3] (R = Ce, Th, U) 




rectangles. The deviation of the Mn coordination environment from a perfect square is 
reflected in the terminal Mn–N bonds being longer than the bridging ones. The cerium phase 
was extensively studied both experimentally and theoretically. First principle calculations 





N3]. Oxidation state +1 was also confirmed for Cr in Ce2[CrN3] [177]. Ce2[MnN3] 
is a metal and Pauli paramagnet [171]. A drop-solution calorimetry determined the 
Ce2[MnN3] enthalpy of formation to be ΔHf
o
 = –928(9) kJ mol
–1 
[178]. Attempts to substitute 
Ce by La were done already in the original work [171], and only about 2 at. % of Ce could be 
replaced. However, the solid solution Ce2–xLax[MnN3] with x up to 0.22(2) was later reported 
[173]. Doping of the Mn sites with Co, Ni, or Cu was not successful [173], despite the fact 
that these metals can show the +1 oxidation state in nitride compounds [6]. Low-temperature 
fluorination of Ce2[MnN3] with F2 or CuF2 leads to the nitride-fluoride Ce2[MnN3F2–δ]  
(δ ≈ 0.2) with the Sr2[TiO3F2] structure [179]. The increase of the Mn oxidation number 





 mixture with both ions in the high-spin state. 
Quaternary nitridomanganates have been reported in the Li–AE–Mn–N systems (AE = 
Ca, Sr). Single crystals of CaLi2[Mn
I
N]2 (with an about 6 at. % substitution of Mn by Li) 
were grown from metallic Li at 1023 K under Ar using Li7[MnN4], Li2[Li1–xMnxN] (x = 0.73), 
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chains. The Li–N framework within the CaLi2N2 layers, lying perpendicular to these chains, is 
similar to the B2C2 layers in the RE[B2C2] (RE = rare-earth metal) phases. 
The isotypic Li6AE2[Mn
IV
2N6] (AE = Ca, Sr) phases were synthesized from mixtures 
of metallic Li, AE, and Mn annealed under N2 at 1123–1173 K [181, 182]. The crystal 
structure contains isolated [Mn2N6]
10–
 dimers with a direct Mn–Mn σ-bonding, and can be 










. The Mn–Mn 
bonding within the dimers has been extensively studied [181, 183]. Both compounds are 
semiconductors with optical bandgaps of 1.19 eV (Ca) and 1.11 eV (Sr). Magnetization data 
show strong AFM interactions and the S = 1 state for the Mn atoms [184]. A strong exchange 
coupling is induced by spin polarization of the Mn–Mn bond [183]. Li6Ca1–xSrx[Mn2N6] solid 
solutions have been reported to show a linear variation of the lattice parameters and the  
Mn–Mn bond length versus x [182]. 
 
Table 1. Nitridomanganate building units (Mn – red, N – blue) 
 
 
The mixed nitridometalate Sr8[MnN3]2[FeN2], prepared from Sr2N, Mn, and Fe under 
elevated N2 pressure at 1273–1323 K, is isotypic to Sr8[FeN3]2[FeN2] [185]. Its crystal 











 dumbbells. Based on the TM–N bond length 
distribution, the arrangement of Mn and Fe was presumed to be ordered. This phase is a 
semiconductor demonstrating localized magnetic behavior. The magnetization data are 
consistent with the S = 1 state of Mn
3+
 and S = 2 state of Fe
2+
. An AFM ordering occurs at 
around 20 K [161]. 
Nitridomanganate building blocks are summarized in Table 1. It is clear that, similarly 
to other transition metals, Mn displays rather low coordination numbers in nitridometalates. 
Possible oxidation states lie in the range from +1 to +5 (or ≈ +6.5 if the metastable  
Li7–x[MnN4] is considered), with +1 being surprisingly common. Nitridomanganates 
demonstrate a rich structural variety, intriguing magnetic properties, and unusual bonding 
situations. The Mn-richest nitridometalates obtained up to now are the representatives of the 
R2[MnN3] (R = Ce, Th, U) family, since LixMn2–xN should be rather regarded as a solid 
solution. One-dimensional chains are the most condensed nitridomanganate species known so 
far.  
 
1.3. Goal of the work 
 
The aim of this work is the synthesis of nitridomanganates with a high Mn content and 
extended nitridomanganate topologies, and the characterization of the magnetic properties of 
these compounds. For these purposes, a systematic study of the AE–Mn–N systems (AE = Ca, 
Sr, Ba) has been performed. The choice of the systems is driven by several factors. First of 
all, in a ternary system, the dimensionality of the nitridomanganate substructure is controlled 
by one parameter only, the Mn/AE ratio (see above). Lithium nitridomanganates have been 
extensively studied in a wide range of compositions, and apparently the highest Mn content 
can be achieved in the LixMn2–xN solid solution. For rare-earth and actinide containing 
systems, little data are available, to some extent due to a high stability of binary RN nitrides, 
which complicates the synthesis. In this respect, the lack of reported extended 










All weighing, grinding, and pelletizing procedures were performed inside an Ar-filled 
glovebox with O2 and H2O levels below 0.1 ppm. This was necessary due to the extreme air- 
and moisture-sensitivity of most starting materials and final products. 
The following elemental substances and compounds were used as starting materials: 
dendritic Ca (Alfa, 99.98 %), Sr (Alfa, 99.8 %), and Ba (Alfa, 99.9 %); Li (Alfa, 99.9 %), Na 
(Chempur, 99.9 %), Mn (Chempur, 99.9 % or Alfa, 99.9998 %), SrO (Sigma, 99.9 %), Mn2O3 
(Sigma, 99 %), NaN3 (Sigma, 99.5 %), NaNH2 (Sigma, 95 %), N2 (Praxair, 99.9999 %), Ar 
(Praxair, 99.9999 %). Nitrogen and argon were additionally purified by molecular sieves and 
a BTS-catalyst (supported Cu). All solid starting materials, except Mn (Chempur), were used 
without further purification.  
Mn (Chempur) was found to contain noticeable amounts of non-metal impurities  
(O: 0.18(2) mass %, N: 0.054(7) mass %), therefore prior to using, it was purified by a 
procedure similar to that described in [187]: Mn lumps were placed inside a long Ta tube 
which was in turn loaded in an evacuated quartz tube (p ≈ 10
–6
 mbar). The lower part of the 
Ta tube was heated up inductively to ≈ 1273 K, whereas the quartz tube was constantly cooled 
down by flowing water. The Mn metal sublimed and re-condensed on the upper part of the Ta 
tube in the form of long needle-like crystals (Fig. 4). Chemical analysis of these crystals did 
not show any presence of oxygen above the detection limit (< 0.1 mass %), but still indicated 
a negligible amount of residual nitrogen (≈ 0.03 mass %). No other non-metal elements (H, C) 
were detected. 
Manganese lumps or single crystals were ground and sieved to a particle size of less 
than 50 µm prior to using. In some test reactions, a pre-synthesized Mn nitride with the 
composition “MnN0.8” was employed. For the preparation of this compound, Mn powder was 
loaded in an alumina boat and annealed under streaming ammonia at 923 K for 10 h. The 
resulting sample was found to be a pure η-Mn3N2 (actually, Mn3N2+x). Crystal structure 
refinement based on the PXRD data determined the composition to be Mn3N2.50(4). Chemical 
analysis found a nitrogen content of 16.7(2) mass %, which is close to 17.5 mass % as 
calculated from the refined structure. In addition, an oxygen contamination of 0.20(1) mass % 




Figure 4. Sublimation-purified manganese crystals. The grid is 5 mm. 
 
For the synthesis of nitrides containing alkaline-earth metals or lithium, Ta crucibles 
were used, since they were found to show chemical resistivity against these nitrides.  
In most cases, reactions were conducted in open crucibles under flowing nitrogen  
(p = 1 bar). For some samples, elevated nitrogen pressures had to be applied in order to get 
phase-pure specimens or single crystals. For these purposes, sodium azide (NaN3) was loaded 
together with the starting materials to serve as a nitrogen source. Ta ampoules were then 
weld-shut using an arc-melting facility integrated inside the glove-box. After the reaction, 
sodium metal was removed by vacuum evaporation at 573 K. Sodium does not form stable 
binary nitrides [24], and its multinary nitrides can usually be obtained only under high-
pressure conditions in autoclaves [188]. For these reasons, sodium azide appears to act only as 
a nitrogen source, releasing sodium metal which remains completely inert under reaction 
conditions. 
Open crucibles or welded ampoules were loaded in a steel tube placed inside a large 
quartz tube (Fig. 5). The steel tube served as a shield to protect the quartz walls from the 
corrosive vapors of binary alkaline-earth metal nitrides. To avoid cracking of the quartz tube 
due to a thermal expansion of the inner steel tube, a small piece of Ta was placed on the 
bottom of the quartz tube to serve as a spacer preventing a direct contact between the quartz 
and steel. The quartz tube was conventionally annealed in a tube furnace with N2 or Ar 




Figure 5. Quartz reactor for the synthesis of nitrides. 
 
Calcium nitride (Ca3N2) was synthesized by annealing Ca lumps under nitrogen 
stream at 1023 K for 48 h, followed by cooling down to room temperature with a rate of  
20 K/h. Strontium nitride (Sr2N) and barium nitride (Ba2N) were obtained by annealing the 
corresponding metals under N2 stream at 973 K for 12 h (in the case of Ba2N, a pre-annealing 
at 773 K for 5 h under N2 was used to avoid Ba melting), followed by cooling down to room 
temperature under Ar in the shut-off furnace. In no cases should Sr2N or Ba2N be kept under 
nitrogen at temperatures below 573 K, since nitrides-diazenides (e.g., Sr4N3 [189]) can form 
under these conditions, thereby changing the stoichiometry. Lithium nitride was produced by 
annealing Li lumps under flowing N2 at 573 K for 10 h, followed by natural cooling in the 
shut-off furnace. For some test reactions, Li7[MnN4] was used as a starting material. This 
compound was synthesized by annealing a pelletized mixture of Li3N and Mn in the ratio  
Li : Mn = 7 : 1 under N2 stream at 973 K for 18 h with an intermediate regrinding.  
Both the high entropy of molecular nitrogen and relatively low absolute values of 
nitride formation enthalpies make it desirable to conduct reactions at preferably low 
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temperatures. However, the low reactivity of nitrogen creates a synthetic problem related to 
slow kinetics if too low temperatures are employed. In addition, most nitrides presented in 
this work show a high chemical reactivity and can slowly react with the crucible material. 
Binary nitrides of alkaline-earth metals and lithium are volatile and can evaporate from the 
reaction medium if high temperatures or long annealing times are used. All this makes the 
synthesis of multinary nitrides extremely challenging, and much time and effort have to be 
devoted to the optimization of preparation conditions for each particular phase. 
All samples used for physical property investigations represented single-phase or 
almost phase-pure microcrystalline powders. In all cases, single-crystal growth attempts were 
undertaken. Since most nitrides do not melt congruently and no suitable solvents are 
available, single-crystal growth of these materials represents an even more challenging task in 
comparison with the synthesis of pure polycrystalline samples.  
Two main techniques of single-crystal growth were used in this work. 
In the first technique, starting materials were placed in a welded Ta ampoule along 
with NaN3 and Na metal, the latter one acting as a flux. The Ta reactor was then annealed 
under inert conditions (Ar), followed by slow cooling down to room temperature. Na was 
removed after the reaction by vacuum evaporation. This method is known to work for 
alkaline-earth-rich nitrides and for nitrides of the main-group elements [190–193]. Using 
sodium flux for transition-metal-rich compounds turned out to be rather inefficient in most 
cases. 
The second technique makes use of the fact that lithium nitride (Li3N) melts 
congruently and can dissolve binary alkaline-earth metal nitrides and some transition metals 
to form liquid media from which single crystals can be grown by, e.g., evaporation of Li3N 
[70, 194]. To realize this procedure, starting materials were mixed with Li3N and pelletized. 
Then, the mixture was subjected to a long-time annealing at temperatures above 1073 K. 
Typically, this led to melting of Li3N with its subsequent evaporation and re-condensation on 
the colder parts of the reactor. Single crystals of ternary and occasionally quaternary nitrides 
(with Li incorporation) could be found in the crucible after the reaction. Since Li itself does 
form stable nitrides (binary, as well as multinary), this method often leads to Li-containing 
phases instead of the desired alkaline-earth nitridometalates. 
In some cases, suitable single crystals could be obtained by long-time annealing of the 





2.2. Laboratory powder X-ray diffraction 
 
Powder X-ray diffraction was used as the main method to ascertain sample quality. In some 
cases, it was also used for crystal structure solution and refinement when no suitable single 
crystals were available. 
PXRD patterns were collected on a Huber G670 imaging plate Guinier camera (CuKα1 
radiation). Powder samples were enclosed between two Kapton foils sealed with vacuum 
grease to reduce contact with air. 
Preliminary data processing was performed within the WinXPow suite of programs 
[195]. Lattice parameters were refined using an internal standard (Si, Ge, or LaB6). Crystal 
structure solution from powder data was accomplished with one of the following software: 
EXPO2009 (direct methods) [196], Superflip (charge flipping) [197], or FOX (direct space 
methods) [198]. Rietveld refinements were performed in the Jana2006 program [199]. Bérar’s 
correction was applied to get more realistic standard deviations [200]. 
 
2.3. Synchrotron powder X-ray diffraction 
 
Synchrotron PXRD data were collected at the ID22 beamline of the European Synchrotron 
Radiation Facility (ESRF, Grenoble, France). Samples were sieved to a particle size of less 
than 50 µm and enclosed in glass capillaries (d = 0.3 mm) sealed with Picein. Data processing 
and analysis were performed with the aid of the same software as used for laboratory PXRD 
data. 
 
2.4. Single-crystal X-ray diffraction 
 
Suitable single crystals were mechanically selected under polybutene oil inside the glove-box 
and enclosed in wire-sealed glass capillaries (d = 0.2 mm). Diffraction patterns were recorded 
on a Rigaku AFC7 diffractometer equipped with a Saturn 724+ CCD area detector (MoKα 
radiation). Crystal structure solution was accomplished either by direct methods using the 
program SIR-92 [201], or by a charge-flipping algorithm as implemented in Superflip [197]. 






2.5. Chemical analysis 
 
Chemical analysis was performed for the constituting elements (AE, Mn, N), as well as for 
expected impurities (C, H, O, Ta from the crucible). Non-metals were analyzed by a carrier-
gas hot-extraction technique on LECO TCH 600 (N, H, O) and LECO C200 (C) analyzers. 
For these purposes, powder samples were loaded in tin capsules which were subsequently 
placed in the graphite die (for N, H, O analysis) or ceramic crucible (for C analysis) of the 
analyzer and burnt by direct heating of the die with the electric current (N, H, O) or with the 
aid of an induction furnace (C). Gaseous products were quantified either in an infra-red 
measurement cell or by a katharometer. 
Metal content was determined by inductively coupled plasma optical emission 
spectroscopy (ICP-OES) on an Agilent Technologies 5100 spectrometer. Powder samples 
were placed in Teflon containers and dissolved in an acid mixture containing F
–
 ions to 
ascertain the complexation of possible Ta traces. The dissolution was assisted by microwave 
irradiation. 
 
2.6. Thermal analysis 
 
Thermal behavior was studied by means of DTA/TG measurements on a Netzsch STA 449C 
calorimetric setup in loosely closed Ta crucibles under dynamic Ar atmosphere or in BN 
crucibles under dynamic N2 atmosphere.  
 
2.7. Scanning electron microscopy 
 
Morphology of the samples and their metal composition were investigated on a Philips XL30 
microscope equipped with a Bruker Quantax EDX-System (Silicon drift detector, LaB6 
cathode). For a semi-quantitative EDX analysis, several points (≥ 5) on the crystal or pellet 
surface were measured and the results were averaged. Typically, when single crystals were 
analyzed, different crystals of the same batch had the same compositions within the 
experimental errors. For some samples, an elemental mapping was performed. The EDX data 






2.8. Resistivity measurements 
 
Electrical resistivity was measured on cold-pressed pellets in a sapphire die cell equipped 
with a cryostat. The setup was mounted inside an Ar-filled glovebox. A four-contact Van-der-
Pauw method was employed between 4 and 320 K. The samples for the measurements were 
thoroughly ground and sieved. Only the fraction with the particle size between 20 μm and  
50 μm was used in order to achieve a higher packing density and reduce the grain boundary 
effects. 
 
2.9. Magnetization measurements 
 
Temperature dependence of magnetic susceptibility and field dependence of magnetization 
were measured on powder samples enclosed in sealed pre-calibrated quartz tubes under  
400 mbar of He on a SQUID magnetometer (MPMS-XL7, Quantum Design) in external fields 
between 10 mT and 7 T within the temperature range 1.8–400 K. For some samples, high-
temperature magnetic susceptibility data were measured up to 795 K. All data were corrected 
for the container diamagnetism. 
In most cases, traces of a ferr(o/i) magnetic impurity could be found in the measured 
samples. High-temperature magnetization data of a Ca12[Mn19N23] sample (chapter 5.1) 
indicated that this contribution stemmed from small amounts of the ferrimagnetic Mn4N (TC ≈ 
740 K). Therefore, the magnetic susceptibility data were typically subjected to a Honda-Owen 
correction [203, 204] before fitting. 
 
2.10. Electron paramagnetic resonance (EPR) 
 
Since for many nitridometalates studied in this work a considerable orbital contribution to the 
magnetic moment was observed, electron paramagnetic resonance measurements were 
performed on some of the samples to quantify this contribution in terms of the g-factor. 
EPR measurements were carried out at X-band frequencies (υ ≈ 9.4 GHz) with a 
standard continuous-wave spectrometer at room temperature. The samples were sealed in 
quartz tubes under He. To improve the signal-to-noise ratio, a lock-in technique was used by 





2.11. Electronic structure calculations 
 
Electronic structure calculations were performed at the scalar relativistic level within the 
L(S)DA and L(S)DA+U approaches with the FPLO-9 [205] or TB-LMTO-ASA [206] codes 
using experimental crystal structures. In all cases, the results of the calculations done within 
the FPLO package are given in this work if not stated otherwise. 
The PW92 parametrization [207] of the LDA functional was used within the FPLO-9 
code. In the L(S)DA+U method the U values between 2 eV and 6 eV were tested and the J 
value was fixed at 1 eV. The double-counting correction was taken into account by the 
Atomic Limit (AL) functional, which is known to give more realistic values of the magnetic 
moments in comparison with the Around Mean Field (AMF) approximation [208]. 
In the TB-LMTO-ASA code, the von Barth-Hedin parametrization [209] of the LDA 
functional was employed. An introduction of empty spheres was always necessary to satisfy 
the atomic sphere approximation (ASA). 
In all calculations, the Blöchl corrected linear tetrahedron method was employed and 
the convergence with respect to the number of k-points was carefully checked. 
Since most of the compounds in this study display a magnetic ground state, the 
broken-symmetry approach was used to generate input structures for spin-polarized 
calculations. For these purposes, the programs ISODISTORT [210] and FINDSYM [211] 
were used. Only collinear magnetic arrangements were considered. In addition, the coupling 
between symmetrically equivalent pairs of atoms was assumed to be always of the same type 
(FM or AFM), and the magnetic moments were constrained to be the same for 
crystallographically equivalent atoms. With these assumptions, the number of possible 
magnetic arrangements was 2
N
, where N is the minimal number of symmetrically independent 
couplings necessary to describe the 3D magnetic structure. In all cases, when an electronic 
density of states is plotted for a magnetic ground state, the positive and negative DOS values 
correspond to spin-up and spin-down DOS, respectively. 
 
2.12. Bonding analysis 
 
Chemical bonding analysis was performed with a special attention to a possible  
Mn–Mn bonding in the compounds under study. 
For the position space analysis, the total electron density (quantum theory of atoms in 
molecules, QTAIM approach [212]) and the electron localizability indicator (ELI-D) [213] 
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were employed. Electron localization function (ELF) was additionally evaluated for 
comparison with the ELI-D calculations. Reproducibility of the observed features in ELI-D 
and ELF maps was found for all studied cases. The topological analysis was performed with 
the DGrid software [214]. ELI-D calculations were carried out with the module implemented 
in the FPLO-9 package [205]. ELF was evaluated with the procedure implemented in the  
TB-LMTO-ASA code [206]. 
Unfortunately, the position space analysis failed to provide a quantitative description 
of Mn–Mn interactions in the tested compounds. In general, the d–d bonding is known to be 
hardly tractable with the ELI-D approach, since the relevant d-electrons are treated as core 
electrons [181, 215]. Therefore, in most cases, no ELI-D (or ELF) maxima could be found in 
the anticipated bonding regions; however, structuring of the Mn penultimate shells was 
observed. 
In addition, a momentum space bonding analysis was performed by examination of 
the Crystal Orbital Hamilton Population (COHP) [216] curves. The COHP plots were 
generated by the standard procedure within the TB-LMTO-ASA program [206] using 
converged results from the electronic structure calculations. According to the accepted 
practice, the graphs were plotted in the coordinates –COHP vs E, so that negative COHP 
values (positive axis values) correspond to bonding interactions, whereas positive COHP 
















A solid state reaction of Sr2N with Mn, mixed and pelletized in a 4 : 3 ratio, under flowing 
nitrogen at 1223 K led to the known nitridomanganate Sr8[MnN3]3 [170]. Annealing of this 
phase at the same temperature under argon resulted in a dark-gray powder. The powder X-ray 
diffraction pattern of this sample demonstrated a close resemblance to those of the two 
isotypic compounds Sr8[FeN3]2[FeN2] [185] and Sr8[MnN3]2[FeN2] [186] (space group C2/m) 
and led to the conclusion that the composition of the resulting phase was Sr8Mn3N8. No other 
crystalline phases were observed in the sample. The elemental mass fractions as determined 
by chemical analysis were (in mass %, the second value is calculated based on the proposed 
formula): Sr: 70.4(5)/71.69, Mn: 17.1(2)/16.86, N: 12.12(9)/11.46. No other elements were 
found above the detection limits (0.05 % for Ta, 0.25% for O, 0.02 % for H, 0.3 % for C). The 
as-prepared sample was used for physical property investigations.  
The gas-solid redox reaction 
 





was found to be reversible; however, because of a considerable loss of Sr due to evaporation 
at the reaction temperature, some impurity phases (e.g., Sr25[Mn42N50], see chapter 5.3) 
formed upon prolonged cycling. 
Single crystals of the title compound could be obtained using the sodium flux 
technique in a welded crucible with NaN3 as a nitrogen source. Sr2N and Mn were mixed and 
pelletized as described above and loaded in a tantalum crucible. Sodium azide and sodium 
metal were added so that the final elemental ratio was Sr : Mn : N : Na = 8 : 3 : 8 : 22. The 
crucible was closed with a Ta lid and weld-shut using an arc-melting furnace. The further 
temperature treatment was conducted under flowing Ar. The reaction mixture was heated up 
to 1173 K with a rate of 100 K/h and kept at this temperature for 200 h with a subsequent 
cooling down to room temperature with a rate of 10 K/h. After opening the crucible, no mass 
change was observed, indicating that all nitrogen had been consumed. Sodium was removed 
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by vacuum evaporation at 573 K during 10 h. Numerous gray prismatic single crystals were 
found in the reaction product. The sample prepared this way proved to be almost single-phase 
according to powder X-ray diffraction.  
 
3.1.2. Crystal structure 
 
Indexing of the powder diffraction pattern gave the following lattice parameters, which were 
also employed in the structure refinement from the single-crystal data:  
a = 18.943(1) Å, b = 5.3243(3) Å, c = 7.6047(1) Å, β = 107.229(3)
o
, V = 732.58(7) Å
3
.  
The crystal structure of Sr8[MnN3]2[MnN2] contains two different nitridomanganate 
units: trigonally planar [Mn1
III
N3] species and unprecedented linear [Mn2
II
N2] dumbbells  
(Fig. 6). The assignment of oxidation states is done based on the Mn–N bond lengths  
(Fig. 7). In the distorted trigonal [MnN3] unit, the Mn–N distances range from 1.747(7) Å to 
1.791(5) Å which is comparable to the corresponding lengths in the nitridomanganates(III) 
with three-fold coordinated Mn, e.g., Ca6[MnN3]N2 (d(Mn–N) = 1.757 Å [160]) and 
AE3[MnN3] (AE = Ca, Sr, Ba) (d(Mn–N) = 1.793–1.798 Å (Ca) [164]; 1.745 Å (Sr); 1.739 Å 
(Ba) [166]). Since no other nitridomanganates(II) with linearly coordinated Mn are known, 
the assignment of the oxidation state for the second Mn type can be done based on the 
available bond valence parameters for the Mn–N bond [217], which gives an oxidation 
number of +1.87(3) for Mn2. For Mn
III
, the tabulated bond valence parameters are known to 
overestimate the oxidation state in nitridomanganates [160]. Therefore, corrected values based 
on the bond distances in known nitridomanganates(III) were used to calculate the BVS for 
Mn1. With R0 and b parameters of 1.76 Å and 0.37, respectively, the calculated BVS for Mn1 




Figure 6. Crystal structure of Sr8[MnN3]2[MnN2]. 
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The [Mn1N3] unit, located on a mirror plane, is only slightly distorted from the ideal 
D3h symmetry. Within a 3σ-tolerance of the bond lengths and angles, the C2v point group can 
be assigned. Similar distortion of the [MnN3] moiety leading to the same point group 
symmetry occurs in Ca3[MnN3] [164]. It is worthwhile to note that in the case of 
Sr8[MnN3]2[MnN2], the C2v symmetry can be approximate, since the mirror plane, on which 
the [MnN3] unit is situated, only imposes the Cs symmetry. The [Mn2N2] dumbbell has a 
perfect D∞h symmetry originating from the location of Mn2 on the intersection of a mirror 
plane and a two-fold axis (and hence in the inversion center). 
 
 
Figure 7. Coordination of Mn atoms in the crystal structure of Sr8[MnN3]2[MnN2]. Bond 




All four symmetrically independent Sr atoms are five-fold coordinated forming 
distorted square pyramids [NSrN4] (Fig. 8) as in the crystal structure of Sr3[MnN3] [166]. The 
Sr–N distances lie in the range 2.531(6) Å to 2.987(6) Å. 
 
 
Figure 8. Coordination of Sr and N atoms in the crystal structure of Sr8[MnN3]2[MnN2]. Bond 
lengths are given in Å. 
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Four independent N atoms are six-fold coordinated (Fig. 8). Each distorted octahedron 
built thereby consists of five Sr and one Mn atoms around the central N atom. 
Similarly to AE3[MnN3] (AE = Ca, Sr, Ba), the crystal structure of Sr8[MnN3]2[MnN2] 
contains empty infinite channels. In AE3[MnN3] (AE = Sr, Ba) [166], the hexagonal channels 
are formed exclusively by the AE and N atoms, so that the repeating building block is the 
hexagonal prism [AE6N6]. In Ca3[MnN3] [164], Mn atoms participate in the construction, with 
the pentagonal [Ca4Mn2N4] antiprisms building the cavities. The voids in Sr8[MnN3]2[MnN2] 
can be regarded as a compositionally intermediate variant. The empty volume is framed by 
the [Sr5MnN5] polyhedron. These polyhedra are running along the [010] direction building 
one-dimensional cavities. The latter ones are doubled by a two-fold axis (Fig. 9). 
 
Figure 9. Empty channels in the crystal structures of Ca3[MnN3] (along [001]), 
Sr8[MnN3]2[MnN2] (along [010]) and Sr3[MnN3] (along [001]). AE – green, Mn – red,  
N – blue. 
 
The crystal structure can therefore be alternatively described as built up of [Sr8N8] 
channels resulting from the application of the two-fold symmetry. Mn atoms inside the 
channels adopt a two-fold coordination, whereas Mn atoms between the channels are  
three-fold coordinated (Fig. 10). These latter Mn atoms can be viewed as occupying another 
type of channels, built up of [Sr6N6] units similar to those in Sr3[MnN3]. In addition, it is also 
possible to describe another kind of empty channels in the Sr8[MnN3]2[MnN2] structure. 
These are the one-dimensional voids built up of cubic [Sr4N4] fragments. They are running 
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along the b direction through the corners of the unit cell and, due to the C-centering, through 
the midpoint of the a edge. 
 
 
Figure 10. Infinite channels in the crystal structure of Sr8[MnN3]2[MnN2]: Sr8N8 (yellow), 
Sr6N6 (blue), Sr4N4 (orange). 
 
3.1.3. Electrical properties 
 
Sr8[MnN3]2[MnN2] displays semiconducting behavior in the whole temperature range  
(Fig. 11). Below ≈ 80 K, the ρ(T) curve becomes noisy as the resistivity approaches the 
highest measurable value. In the high-temperature range, the ρ(T) dependence can be fitted 
with an Arrhenius-type expression yielding a small bandgap of 0.22(1) eV in agreement with 




Figure 11. Temperature dependence of electrical resistivity for Sr8[MnN3]2[MnN2]. Inset: 
ln(ρ/ρ295) vs. 1/T plot (circles) with a linear fit (red line). 
 
3.1.4. Magnetic properties 
 
The temperature behavior of the magnetic susceptibility (Fig. 12) follows the  
Curie-Weiss behavior down to 10 K where a possible AFM transition takes place, observed in 
the low-field data as a small kink of the curve (Fig. 12, upper left inset). A weak field 
dependence, likely due to a ferrimagnetic Mn4N impurity, was also present. A Honda-Owen 
correction applied to the data leads to an increase of the noise at low temperatures and makes 
the magnetic transition non-observable. Linear fitting of the inverse susceptibility versus 
temperature yields the Weiss constant Θ = –62(3) K, indicating AFM interactions, and the 





Figure 12. Temperature dependence of Sr8[MnN3]2[MnN2] magnetic susceptibility. Upper left 
inset: low-field data with an AFM transition visible. Upper right inset: linear fit of the inverse 
susceptibility vs. temperature. 
 









-configuration, position Mn2).  
The Mn
3+ 
ion resides in the [Mn1N3]
6–
 triangle which has the C2v point group 
symmetry within three standard deviations for the bond lengths and angles. Since Mn1 is 
located on a mirror plane, the local symmetry is not lower than Cs. A higher point group 
symmetry of the coordination polyhedron is therefore not imposed by the space group 
symmetry. In both C2v and Cs, a low ligand-field symmetry lifts the degeneracy of all d-states. 
Thus, it is possible to imagine three spin states of Mn
3+
 in such a coordination surrounding – a 
low-spin state (S = 0), an intermediate-spin state (S = 1), and a high-spin state (S = 2). 
The Mn
2+
 ion is linearly coordinated by nitride ligands adopting the D∞h symmetry 
([Mn2N2]
4–
 dumbbell). The corresponding d-orbital splitting with two possible spin states is 
depicted in Fig. 13. The highest lying state is the dz
2
-orbital with the A1g character. It points 







 and dxy are situated in the plane perpendicular to the dumbbell axis and hence 
possess the lowest energy. This arrangement of d-orbitals with respect to energy is typical for 
most two-fold coordinated complexes [218]; however, it is not universal. Thus, in  
Li2[(Li1–xFex)N] the dz
2




, dxy levels [55, 56], which 







, the two different 
schemes (e2g–e1g–a1g and a1g–e2g–e1g) do not make any difference for the spin moment of the 
low-spin and high-spin configurations. However, a possibility of an intermediate-spin state 






). An alternative arrangement with the a1g state being 
located between the two sets of doubly degenerate e levels can be also imagined. Two  
non-degenerate ground states with S = 
1
2
 and S = 
5
2
 can be realized in this case. 
 
 
Figure 13. Possible d-orbital splitting and spin states for the d
5
 configuration in the 
D∞h point group. 
 
From the literature data, it is known that two-coordinate transition metals tend to adopt 
high-spin arrangements [218], though rare examples of low-spin complexes are known as 
well [219]. It is important to note that Mn
1+ 
in Li2[(Li1–xMnx)N] was reported to adopt a low-
spin state, despite its perfectly linear coordination [10]. Since a high-spin state of Mn
2+
 cannot 
possess an orbital moment, the magnetic moment should be close to the spin-only value of 
5.92 µB. This value is already too high in comparison with the one determined experimentally, 
indicating that Mn
2+
 has either a low- or an intermediate-spin state in the title compound. 
However, no combinations with the possible spin states of the Mn
3+
 yield the desired moment 
                                                     
1
 If the relative arrangement of the Fe d-orbitals in Li2[(Li1–xFexN)N] were as in Fig. 13, no orbital moment 
would be expected, since S = 
3
2




of 5.1(1) µB when spin-only values are considered, independent of the possible energy 
arrangement of d-orbitals. To resolve this discrepancy, an EPR measurement was conducted 
in order to check for orbital contributions to the magnetic moment. 
 
 
Figure 14. Room-temperature EPR spectrum of Sr8[MnN3]2[MnN2]. Red line: Lorentzian fit 
to the experimental data. 
 
The EPR spectrum of Sr8[MnN3]2[MnN2] at room temperature is shown in Fig. 14. 
The position of the resonance line corresponds to a g-value of 2.29(4), thus confirming a 
considerable orbital contribution. It is worthwhile to note that, despite its broadness, no 
splitting of the signal is observed, meaning that this g-value is applicable to both Mn sites. 
The best agreement between the calculated and the measured magnetic moments is achieved 
when a combination of an intermediate-spin state of Mn
3+
 and a low-spin state of Mn
2+
 is 
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As was already mentioned, if the d-orbitals of the linearly coordinated Mn
2+
 were 
arranged as in the case of Li2[(Li1–xFex)N], there would exist a possibility for an intermediate-
spin state (S = 
3
2
) of a d
5











 + 1) µ
B
 = 4.43(7) µ
B
, 
which is far too low in comparison with the experimental value. Therefore, this possibility can 
be excluded. A non-degenerate ground state of Mn
2+
 can be also ruled out, since no orbital 
contribution would be observed for this case. 
Thus, Sr8[MnN3]2[MnN2] comprises Mn
3+
 in an intermediate-spin state (S = 1) and 
Mn
2+




At this point, it is worthwhile to recall that the orbital moment is always quenched for 
C2v symmetry, since for any ground state Γ, the direct product is Γ  Γ = A1, whereas the 
components of the orbital moment are transformed as A2, B1 and B2. However, for Cs, an 
orbital contribution is always possible. Since deviations from the C2v symmetry are not 
forbidden in Sr8[MnN3]2[MnN2], an occurrence of the orbital moment can be indeed realized. 
It is interesting to note that the [MnN2]
4–
 dumbbell in Sr8[MnN3]2[MnN2] is not 
subject to Renner-Teller distortion, which points towards stability of the degenerate ground 
state in this case [220], though a dynamic distortion cannot be ruled out. 
The unexpectedly high value of the g-factor can be explained by a significant orbital 
contribution, which, although being not typical for the majority of 3d metal compounds, has 
been observed for nitridometalates with linearly coordinated TM atoms [50, 55, 56, 221]. 
Trigonally coordinated complexes with other ligands are also known to display sizeable 
orbital magnetism [222, 223]. Such behavior originates from a small splitting of d-states for 








Ba8[MnN3]3 was obtained as a gray powder by annealing a pressed pellet of Ba2N and Mn 
with the ratio Ba : Mn = 8 : 3 at 1273 K, followed by cooling down to room temperature with 
a rate of 10 K/h. The Guinier powder pattern of the resulting sample showed a strong 
resemblance to that of Sr8[MnN3]3 [170], and was successfully indexed in the P21/c space 
group in analogy with the latter compound. Further analysis of synchrotron powder 
diffraction data allowed an ab initio indexing of the powder pattern and confirmed the unit 
cell. No other crystalline phases were observed in the sample. Chemical analysis showed the 
elemental mass fractions: Ba: 77.23(5)/79.07, Mn: 13.2(3)/11.86, N: 9.4(1)/9.07 (all in mass 
%, the second value is the calculated mass fraction using the composition from the crystal 
structure refinement). No other elements could be found in the sample above the detection 
limits (0.1 % for Ta, 0.25 % for O, 0.02 % for H, 0.3 % for C). A slight manganese excess can 
be attributed to partial Ba evaporation at the reaction temperature. 
 
3.2.2. Crystal structure 
 
The crystal structure of Ba8[MnN3]3 was elucidated from the synchrotron powder XRD data 
based on the Sr8[MnN3]3 model. Due to a rather high volume of the unit cell and the low 
symmetry, a successful refinement was possible only after introduction of soft bond-distance 
restraints for the Mn–N bonds. The isotropic displacement parameters of all atoms were 
constrained to be equal within each chemical type, and the Uiso
 
parameters for the N atoms 
were fixed to be equal to those of the Mn atoms, since an unconstrained refinement led to 
slightly negative values of the former ones. The resulting refinement is shown in Fig. 15. The 
refined unit cell parameters are a = 7.9805(3) Å, b = 11.1735(3) Å, c = 19.7592(7) Å,  
β = 106.006(2)
o
, V = 1693.6(1) Å
3
. The structure is displayed in Fig. 16. 
Similarly to the Sr phase, Ba8[MnN3]3 represents a mixed-valent nitridomanganate 
containing isolated distorted trigonal units [MnN3]
x–
 (C1 point group symmetry). The 
oxidation state assignment for Sr8[MnN3]3 reported in [170] was based on a slight difference 
between Mn–N distances around three symmetrically independent manganese atoms. 
According to this assignment, Mn
3+
 resides in the position Mn1 whereas the two remaining 





In Ba8[MnN3]3, the following Mn–N distances are observed: Mn1–N: 1.73(3) Å, 
1.76(2) Å, 1.81(2) Å; Mn2–N: 1.69(2) Å, 1.74(2) Å, 1.85(3) Å; Mn3–N: 1.77(3) Å,  
1.79(2) Å, 1.80(2) Å. An interpretation of the crystallographic results in relation to the 
oxidation states of the Mn atoms seems to be impossible in this case. In addition, a noticeable 
deviation of the [Mn1N3] unit from planarity complicates the picture. This deviation is much 
more pronounced in the Ba phase ([Mn1N3] pyramid height is 0.42(1) Å) in comparison with 
the Sr phase ([Mn1N3] pyramid height is 0.112(1) Å [170]). Such a strong distortion of the 
[Mn1N3] species implies significant structural strains, leading to Ba8[MnN3]3 being 
apparently metastable in the temperature range 1023–1273 K.  
 
 
Figure 15. Rietveld refinement of Ba8[MnN3]3 from synchrotron X-ray data with experimental 
points shown in black, calculated intensity after Rietveld refinement in red, and difference 
curve in blue (λ = 0.40003 Å). 
 
The Ba atoms, all adopting rather irregular coordination, have 5 to 6 N atoms in the 
coordination sphere (Fig. 17). 8 out of 9 symmetrically independent nitrogen atoms are six-
fold coordinated so that each N atom has one Mn and five Ba atoms in the coordination shell 
(Fig. 18). The metal atoms form thereby distorted octahedra around these N atoms. N9 is five-
fold coordinated forming a trigonal bipyramid (NMnBa4). The analogous N position in the 
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structure of Sr8[MnN3]3 is surrounded by five Sr and one Mn atoms with the longest Sr–N 
distance being 3.43 Å, giving rise to a highly distorted octahedron. The distribution of AE–N 
distances in Ba8[MnN3]3 (d(Ba–N) = 2.56(2)–3.24(4) Å, the next shortest Ba–N distance is 




Figure 16. Crystal structure of Ba8[MnN3]3. 
 
 




Figure 18. Coordination of N in Ba8[MnN3]3. Bond lengths are given in Å. 
 
3.2.3. Electrical properties 
 
Ba8[MnN3]3 was found to be semiconducting in the measured temperature range (Fig. 19). 
Below ≈ 37 K, the resistivity could not be reliably measured due to a poor conductance of the 
sample. In the high-temperature range, the ρ(T) dependence can be fitted with an Arrhenius-
type expression yielding a bandgap of 0.16(1) eV, which is comparable to that of the 




Figure 19. Temperature dependence of Ba8[MnN3]3 electrical resistivity. Inset: ln(ρ/ρ295) vs. 
1/T plot (circles) with a linear fit (red line). 
 
3.2.4. Magnetic properties 
 
A weak field-dependent contribution to the magnetic susceptibility, presumably arising from a 
small amount of Mn4N, was taken into account by a Honda-Owen correction. 
Ba8[MnN3]3 displays an antiferromagnetic transition at TN = 11 K with a Curie-Weiss-
type behavior at higher temperatures (Fig. 20). A fit of the magnetic susceptibility curve 
above the transition temperature results in an effective magnetic moment of 3.37(1) µB/f.u. A 
closer inspection of the magnetic susceptibility temperature evolution in the χ
–1
(T) 
representation shows that the Curie-Weiss behavior is slightly violated already below 275 K 
(Fig. 20, inset). This violation is not related to the temperature-independent contribution 
(which amounts to only about 3 % of the total susceptibility at room temperature), since the 
latter one would rather affect the high-temperature region. Linear fitting of the χ
–1
(T) 
dependence above 275 K yields µeff = 3.75(1) µB and Θ = –64.4(9) K, the negative value of 
the latter one being indicative of antiferromagnetic interactions. A rather high value of the 
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frustration parameter, f = |Θ|/TN = 5.9, indicates that magnetic frustration can be the origin of 
the deviation from the Curie-Weiss law below 275 K. 
Taking into account that the local environment of manganese atoms lifts the 
degeneracy of the d-orbitals, it is possible to imagine several combinations of the spin states 
which could be realized in the compound under study. For Mn
4+
 either a low-spin (S = 
1
2
) or a 
high-spin (S = 
3
2
) state could be achieved. Mn
3+
, having a d
4
 configuration, can be diamagnetic 
(S = 0) in the low-spin state; alternatively, it can display an intermediate-spin state (S = 1) or a 
high-spin state (S = 2). Since the latter possibility would lead to a much larger effective 
magnetic moment than that found experimentally, it can be safely excluded.  
 
 
Figure 20. Temperature dependence of magnetic susceptibility for Ba8[MnN3]3. Inset: inverse 
susceptibility plot (black circles) with a linear fit (red line) extended to lower temperatures 
(dashed line) to demonstrate a deviation from the Curie-Weiss law. 
 
Although the obtained magnitude of the effective magnetic moment fits reasonably 
well to the spin-only value of 3.74 µB for one Mn
3+
 with S = 1 and two Mn
4+






formula unit, an additional EPR study was conducted to check for a possible orbital 
contribution. A room-temperature EPR measurement (Fig. 21) revealed a surprisingly large g-
factor of 3.00(5). In the light of this measurement, it can be concluded that only Mn
4+
 ions in 
the structure are paramagnetic. Indeed, if one calculates the effective magnetic moment 
assuming non-magnetic Mn
3+
 and taking the experimental g-factor, the value amounts to 
µ
eff






 + 1) µ
B
 = 3.67(6) µ
B
, which is close to the result obtained from 
the magnetic susceptibility measurement. The magnetic moment per Mn
4+
 atom is therefore 
3.67(6)/√2 µB = 2.60(4) µB. 
 
 
Figure 21. Room-temperature EPR spectrum of Ba8[MnN3]3. Red line: Lorentzian fit to the 
experimental data. 
 
Thus, the strong ligand field of nitrogen atoms stabilizes a low-spin state for all 
manganese ions in the structure. An interesting consequence of this stabilization is a singlet 
state of Mn
3+
, which originates from the degeneracy lifting due to a distorted coordination 
environment. If the charge ordering actually takes place, i.e., if Mn
3+ 
occupies exclusively one 
particular position, this could be observed in a magnetic scattering experiment (e.g., neutron 
diffraction) below TN, since the magnetic moment associated with this position is expected to 
be zero. 
Magnetic behavior of Ba8[Mn
III,IV











The resulting magnetic moment per Mn
4+
 (S = 
1
2
) of 2.6 µB in Ba8[MnN3]3 is close to 
the total moment, µ
S+L
 = 2.54 µB,
1
 indicating a huge orbital contribution to the magnetism of 
this phase. Whether a similar situation is realized in the isotypic Sr8[MnN3]3 is still to be 
determined. 
  
                                                     
1
 The total magnetic moment can be calculated as µS+L = g√J(J + 1), where J = L – S (for less than half-filled 














Heating of pelletized Sr2N + Mn mixtures (Sr : Mn = 1–1.5) under an N2 stream at 1023– 
1073 K revealed the formation of a new intermediate ternary phase in the Sr–Mn–N system. 
Although crystal structure solution was successful using a multiphase powder sample and 
gave the correct composition of the new compound, no single-phase samples could be 
prepared above 973 K starting from the stoichiometric composition. The best sample, which 
contained about 70 mass % of the title phase according to PXRD, resulted from a pellet with 
the ratio Sr : Mn = 3 : 2 annealed at 1073 K for 264 h. Further annealing led to complete 
decomposition of the title phase. At higher temperatures under otherwise identical conditions, 
no traces of this compound could be found at 1 bar of N2. If higher nitrogen pressures are 
employed (10–20 bars), Sr4[Mn2N6] can be observed as a by-product at temperatures up to 
1123 K. At 973 K, the title phase could be prepared from the stoichiometric composition of 
the starting materials. However, at this temperature several weeks of annealing are required to 
produce Sr4[Mn2N6] as the main phase due to low reaction rates. This result suggests that 
Sr4[Mn2N6] may be thermodynamically stable at 973 K and kinetically arrested at higher 
temperatures. The samples prepared at 973 K suffer from poor crystallinity, which 
complicates their analysis. Further optimization of synthetic conditions is therefore required.  
 
3.3.2. Crystal structure 
 
The multiphase sample used for crystal structure determination contained Sr3[MnN3], 
Sr8[MnN3]3 and Sr25[Mn42N50] (see chapter 5.3) along with the title phase. Small amounts of 
poorly crystalline binary manganese nitrides were also present. After reflections belonging to 
Sr4[Mn2N6] were separated from those of the impurity phases, a successful indexing was 
possible. This yielded a monoclinic unit cell with the lattice parameters a = 7.7267(9) Å,  
b = 5.5337(7) Å, c = 8.769(1) Å, β = 97.500(8)
o
. Systematic absences unambiguously pointed 
to a body-centered cell. After the transformation to the conventional setting with the matrix  
(–1 0 –1, 0 1 0, 1 0 0), three space group candidates were considered: C2 (#5), Cm (#8) and 
C2/m (#12). Direct methods within the program EXPO [196] were employed for structure 
solution, which was successful in the centrosymmetric space group C2/m and provided the 
positions of two symmetrically independent Sr atoms and one Mn atom, as well as two N 
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atoms. One more nitrogen position was located by a difference Fourier mapping. Atomic 
positions were subsequently refined. For the Rietveld refinement, crystal structures of 
impurity phases were also introduced; for them however, only lattice parameters and isotropic 
displacement parameters were allowed to vary, whereas atomic coordinates were kept fixed. 
Uiso were constrained to be the same within each chemical type for all phases in the 
refinement. The refined lattice parameters of the title phase in the standard setting are  
a = 10.9028(5) Å, b = 5.5367(2) Å, c = 7.7249(3) Å, β = 127.090(2)
o
, V = 371.98(3) Å
3
. 
The crystal structure possesses isolated [Mn2N6]
8–
 dimers counterbalanced by Sr
2+
 
ions. The dimers are composed of distorted [MnN4] tetrahedra sharing a common edge  
(Fig. 22), and thus can be denoted as (τ-N)2Mn(µ-N)2Mn(τ-N)2. 
 
 
Figure 22. Crystal structure of Sr4[Mn2N6]. 
 
The Mn–N distances lie in the range 1.81(4)–1.87(1) Å. These distances are in good 





tetrahedra [10]. A short Mn–Mn distance of 2.388(9) Å may indicate a direct Mn–Mn 
interaction (cf. d(Mn–Mn) = 2.26–2.93 Å for the first coordination shell in α-Mn). 
Both symmetrically independent Sr atoms are 7-fold coordinated by N ligands 
forming irregular polyhedra which can be described as capped octahedra (Fig. 23). 
All nitrogen atoms are in turn 6-fold coordinated by metal atoms. N1 and N2 adopt 
distorted octahedral environments, whereas N3 atoms form (N3Sr4Mn2) trigonal prisms  
(Fig. 23). The next closest Sr atoms (Sr1) are located at a significantly longer distance of  
2  3.51(1) Å from N3. When included in the coordination environment, they complete an 
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anti-cube (N3Sr6Mn2). Similar N coordination is observed in Ba4[Mn3N6] (see chapter 4.2). 
The (N3Sr4Mn2) prisms are joined via face-sharing, which results in the [(N32)Sr4(Mn12)2] 
polyhedra where the Sr atoms and the midpoints of the Mn1–Mn1 lines are located in the 
corners of an octahedron with the midpoint of the N3–N3 line (d(N3–N3) = 2.65(2) Å) 
located in the center thereof. The [(N32)Sr4(Mn12)2] polyhedra link to the (N(1,2)Sr5Mn) 












A similar crystal structure is adopted by the alkaline-earth metal nitridochromates(V) 
Ca4[Cr2N6] (d(Cr–Cr) = 2.45 Å) and Sr4[Cr2N6] (d(Cr–Cr) = 2.48 Å) [225]. Both compounds 
are believed to be metastable and could only be prepared in the form of small single crystals 
as by-products. They crystallize in the P 1̅  space group with the lattice parameters  





, γ = 63.969/64.436
o
, and V = 165.4/187.1 Å
3
 for the Ca and Sr phases, 
respectively. It is evident that the unit cell volume of Sr4[Cr2N6] is about half of that of 
Sr4[Mn2N6], reflecting that only one formula unit is accommodated in the former unit cell, 
whereas there are two in the latter one. A similarity of the structures can thus be emphasized 
by transforming the C-centered monoclinic unit cell of Sr4[Mn2N6] to the primitive triclinic 












 –1). The derived 
lattice parameters of the primitive cell are a = 5.5367 Å, b = 6.1140 Å, c = 6.8017 Å,  
α = 73.250
o
, β = 65.980
o
, γ = 63.080
o 
and V = 185.99 Å
3
. These parameters are similar to 
those in Sr4[Cr2N6], although no higher symmetry could be found in the latter case. Indeed, 
the two structures differ slightly in the way how the dimers are oriented in respect to each 
other, and consequently, to the surrounding Sr atoms. The shared edges of the [MnN4] 
tetrahedra in Sr4[Mn2N6] are aligned along the b axis. The plane in which the Mn atoms and 
the terminal N atoms are located lies perpendicular to this direction (the planarity is kept by 
the mirror plane in C2/m). In Sr4[Cr2N6], the [Cr2N6]
8–
 dimers are tilted in respect to the 
stacking direction by about 4
o
, thereby breaking two-fold and mirror symmetry (Fig. 25). 
It is worthwhile to note that, besides the above-mentioned phases, only a few more 
compounds were reported bearing similar dimer building blocks. Although such units can be 
found in some nitridoaluminates (e.g., Ca6[Al2N6] [226]), nitridosilicates (e.g., AE5[Si2N6] 
(AE = Ca, Ba) [192, 227, 228]), and nitridogermanates (e.g., Sr5[Ge2N6], Li4Sr3[Ge2N6] [229, 
230], transition metal compounds of this class are rather rare. Li4Sr2[Cr2N6] [215] is another 
example of a nitridochromate(V) possessing [Cr2N6]
8–
 dimers as in AE4[Cr2N6]. Homologous 














 tetrahedra.  
While in the dimers with main-group elements, the corresponding distances between 
the central atoms are relatively long in comparison with typical interatomic distances in the 
respective elemental substances, transition metal atoms in the [TM2N6] dimers are located at a 
short distance to each other, which may indicate that a direct TM–TM interaction may be 
responsible for the stabilization of these moieties. Such a mechanism would require the 
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presence of spare d-electrons. This may explain why the nitridovanadates(V) AE2[VN3] (AE = 
Ca, Sr, Ba) [194, 232], with V in d
0
-configuration, do not demonstrate dimer formation, 
though their compositions are analogous to those of AE4[Cr2N6] and Sr4[Mn2N6]. In contrast, 







Figure 25. Comparison of the crystal structures for Sr4[TM2N6] (TM = Cr, Mn). 
 
A strong metal-metal interaction can be observed in compositionally identical ethane-
like (τ-N)3TM–TM(τ-N)3 dimers with a direct TM–TM bond, i.e., with no bridging ligands. 
This kind of building blocks is present in Li6AE2[Mn
IV
2N6] (AE = Ca, Sr) [181, 182] and in 





3.3.3. Electronic structure 
 
Since no single-phase samples of Sr4[Mn2N6] could be obtained, electronic structure 
calculations were done in order to get insight into the physical properties of this phase. For 
comparison, the computational results for Sr4[Cr2N6] are also given below. 
All calculations were done within the L(S)DA and L(S)DA+U approach (U = 2 eV,  
4 eV). At first, a non-spin-polarized calculation was conducted for Sr4[Cr2N6], which yielded 
a semiconducting ground state (Fig. 26) with Eg ≈ 0.6 eV. After an introduction of a spin 
splitting, a spin-polarized calculation was performed, but the magnetic moment on the Cr 
atom converged to zero, implying a diamagnetic ground state for the chromium phase. This 
result is in good agreement with the assumption about the metal-metal bond formation. 
Indeed, if one describes the bonding in the single [TMN4]
7–
 tetrahedron within the qualitative 
molecular orbital approach, the interaction between the metal and nitrogen atoms can be 
viewed as a mixing of the metal valence orbitals of the appropriate symmetry with the 
symmetry-adapted linear combinations of the ligand orbitals (SALCs). If only sigma-bonding 
is taken into consideration, the four p-orbitals of nitrogen form three t2 and one a1 SALCs in 
the Td point group (a perfect tetrahedral environment is assumed for simplicity). Five  
3d-orbitals of the central atom are transformed into two e and three t2 orbitals, while the 4s 













] is considered, and the z-axis is chosen along the TM–TM direction, the dz
2
-
orbitals of the adjacent TM atoms can be visualized as pointing towards each other. This 
creates a σ-bonding situation between the two TM atoms if these orbitals are half-occupied, 




-configuration. Involvement of these d-electrons in the metal-
metal bond formation leaves no unpaired electrons and yields therefore a diamagnetic ground 
state. 
In contrast to Sr4[Cr2N6], a non-spin-polarized calculation for Sr4[Mn2N6] resulted in a 
metallic ground state. Since the crystal structure possesses spatially separated building blocks 
bearing d-electrons, an insulating/semiconducting ground state seems to be more probable. A 
high density of states at the Fermi level (≈ 5 states/eV/f.u.) composed mainly of the Mn d-
states points towards a possible magnetic instability. To find the real ground state, all possible 
magnetic arrangements should be considered. The manganese substructure can be visualized 
as consisting of puckered layers of Mn2 dimers (Fig. 27). Such a description is useful for 
choosing the Mn–Mn couplings that will set up the 3D magnetic structure, since they can be 
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divided into intra-layer and inter-layer ones. A minimum of three pairs of Mn atoms must be 
selected. A possible triplet is shown in Fig. 27. The coupling of any other pair of atoms can be 
deduced from the coupling within this triplet. Therefore, a total of 2
3
 = 8 magnetic structure 




Figure 26. LDA electronic density of states for Sr4[Cr2N6]. 
 
Calculations within both the “pure” LSDA and LSDA+U schemes showed a strong 
tendency of the Mn–Mn dimers to display antiferromagnetic coupling. The coupling between 
the dimers had a lower effect on the total energy. The lowest energy was found for the AFM4 
arrangement regardless of the calculation scheme. All magnetic arrangements calculated 
within the “pure” LSDA showed a metallic ground state with the Mn d-states located at the 
Fermi level. However, the density of states was found to be significantly reduced in 
comparison with the non-spin-polarized calculation. Treatment of the on-site interactions 
within the LSDA+U approach with U = 2 eV split the states at the Fermi level and opened a 
gap in all arrangements with the dimers displaying AFM coupling but in none with FM 
dimers. Although the exact value of U should be deduced from future experimental data, a 
magnitude of 2 eV seems to produce sensible magnetic moments (0.8–1.3 µB per Mn atom, 
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corresponding to S = 
1
2
 state) and bandgap values in the range of 0.04–0.22 eV, which is close 
in magnitude to the values observed for other nitridomanganates in this work. In the 
following, only the results of the LSDA+U (U = 2 eV) calculations will be discussed. 
 
 
Figure 27. Possible magnetic arrangements in the Mn substructure of Sr4[Mn2N6]. Colored 
lines denote the symmetrically independent couplings chosen to describe the 3D magnetic 





The largest energy difference between the energetically favored AFM4 arrangement 
and another structure with AFM dimers was lower than 35 meV per f.u., whereas the smallest 
gap between AFM4 and the most stable structure with FM dimers was 513 meV per f.u. The 
ordered magnetic moment per Mn atom was about 1.3 µB for the structures with AFM dimers 
and 0.8–0.9 µB for the structures with FM dimers. Both estimates are close to 1.0 µB. 
Altogether, these results suggest that Sr4[Mn2N6] represents a moderately correlated 
antiferromagnetic S = 
1
2
 dimer system. The quenching of the magnetic moment down from the 
expected S = 1 value for a d
2
 ion is associated with a Mn–Mn bond formation. 
 
 
Figure 28. Electronic density of states (LSDA+U, U = 2 eV) for Sr4[Mn2N6] in the AFM4 
structure. 
 
The electronic density of states for Sr4[Mn2N6] in AFM4 structure is given in Fig. 28. 
The calculated bandgap is 0.22 eV. In the energy window –3.7 eV < E – EF < –1 eV, the DOS 
is primarily composed of N(2p) states. In the regions –6 eV < E – EF < –3.7 eV and  
–1 eV < E – EF < 0 eV, a significant contribution of Mn(3d) states is observed with a strong 
hybridization of the latter ones with the N(2p) states. Interestingly, in the energy range  
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–0.8 eV < E – EF < –0.55 eV, a gap appears. This gap is located at an electron count of 2e less 
in comparison with Sr4[Mn2N6]. This corresponds to the d
1
 configuration of the transition 
metal, as in Sr4[Cr2N6]. With the Fermi level artificially placed inside this gap, the calculated 
magnetic moment on the Mn atom gets reduced, although it does not approach zero (cf. 
Sr4[Cr2N6]), indicating that a simple “rigid band” approximation is obviously too crude in this 
case, which is already visible from the overall appearance of the DOS. 
Interestingly, a spin-polarized calculation within the TB-LMTO-ASA code using the 
von Barth-Hedin L(S)DA functional yielded a non-magnetic ground state for Sr4[Mn2N6]. A 
cross-check with the FPLO code showed that the non-magnetic solution and the previously 
found antiferromagnetic ground state show a minute energy difference when this particular 
functional is employed. However, the AFM solution in FPLO still appears to be lower in 
energy. Apparently, this energy difference is smaller than the expected error of the LMTO 
code, and hence the non-magnetic solution is identified as the most energetically favorable 
one. When a GGA functional is used (Perdew-Wang [233]), the LMTO calculations converge 
to the anticipated AFM ground state. 
 
3.3.4. Chemical bonding 
 
The chemical bonding in Sr4[Mn2N6] was examined applying the COHP curves. For 
comparison, the same analysis was conducted for Sr4[Cr2N6] and β-Ca5[Si2N6]. The latter 
compound possesses [Si2N6]
10–
 dimer building blocks similar to [TM2N6]
8–
 in the Mn- and  
Cr-phases. Two symmetrically different dimers in the β-Ca5[Si2N6] crystal structure 
demonstrate Si–Si distances of 2.39 Å and 2.53 Å. The former value is very close to the short 
Mn–Mn contact in Sr4[Mn2N6] (2.372(8) Å). One should note that the Si–Si distance in the 
elemental substance is 2.35 Å, i.e., still somewhat shorter than in this dimer. 
All calculations were done with the TB-LMTO-ASA code using the Perdew-Wang 
GGA functional in order to reproduce the magnetic ground state for Sr4[Mn2N6] (see above). 
Since no additional treatment of the on-site correlations was introduced, the converged 
solution for Sr4[Mn2N6] turned out to be metallic. However, a small density of states (pseudo-
gap) at the Fermi level (< 0.5 state/eV/f.u.) should ascertain a proper description of bonding in 
this phase. For Sr4[Cr2N6] and Ca5[Si2N6], semiconducting ground states were found. A cross-





Figure 29. COHP and ICOHP curves for the Si–Si and TM–TM interactions in β-Ca5[Si2N6] 
(upper images), Sr4[Cr2N6] (lower left image) and Sr4[Mn2N6] (lower right image, one spin 
direction). 
 
Interactions between the AE and N atoms are not discussed here, since they were all 
found to be strongly bonding below the Fermi level, as expected. A similar result was 
obtained for the metal(silicon)-nitrogen interactions. Therefore, for simplicity, only the COHP 
plots for the metal-metal (silicon-silicon) interactions are presented. 
In Ca5[Si2N6], the Si–Si COHP curves show some bonding and strong antibonding 
interactions below EF. These interactions are partially compensated. In total, for both Si–Si 
interactions, the bonding appears to be far from being optimized. An ICOHP value of  
0.27 eV/bond is found for the shorter Si–Si bond, whereas for the longer one this value 
amounts only to 0.07 eV/bond. These results suggest that there is no strong interaction 
between silicon atoms in the [Si2N6]
10– 
dimers. 
In contrast, for Sr4[Cr2N6], the Cr–Cr interactions below EF are predominantly of 
bonding character with a strong negative COHP peak just below EF. Moreover, these 
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interactions are almost optimized at EF. Some unoccupied bonding states remain available in 
the energy range 0.9 eV < E – EF < 2 eV. Antibonding states above the Fermi level are 
separated by an energy gap of ≈ 2 eV from EF. If the electron count were reduced by 2e 
(which corresponds to the d
0
-configuration), the Fermi level would shift into a gap in the 
density of states. The resulting ICOHP would be lowered down to 0.07 eV/bond, which is 
comparable to the value found for the [Si2N6]
10–
 dimer above. 
For Sr4[Mn2N6], the respective Mn–Mn interactions were found to be mostly bonding 
and also appeared to be almost optimized at EF. Just above the Fermi level, strong peaks of 
antibonding states are located. This demonstrates that an increase of the electron number 















) dimers in Ca6[Cr2N6]H [71] and 







) (see above). This is in line with a higher d-electron 
count in these complexes. 
Thus, the metal-metal bonding in Sr4[TM2N6] (TM = Cr, Mn) appears to be a structure-
stabilizing factor along with the inductive effect discussed in the introduction.  
Metal-metal interactions have been already reported for some TM-nitridometalates 
[234, 235] and binary nitrides [175, 236]. As it will be shown in chapters 4–6, this kind of 










Although in all experiments presented in this work, necessary precautions were undertaken to 
exclude any oxygen presence, gradual contamination of the samples is an inevitable problem 
when long annealing times are employed. The title phase was reproducibly observed in many 
specimens in the system Sr–Mn–N. Its amount was always proportional to the reaction time 
and the annealing temperature. The latter condition is presumably related to the aging of 
vacuum grease at high temperatures, leading to a worse performance of the gas-tight parts of 
the reaction apparatus, and consequently, to an oxygen contamination. Subsequent structure 
solution, which was possible due to a formation of single crystals of this by-product in one of 
the experiments, pointed towards a possible oxygen-stabilized composition, which was later 
confirmed by a direct synthesis and magnetic measurements. In order to produce pure samples 
of Sr6[MnN3]2O, a mixture of the composition Sr : Mn : O = 6.1 : 2 : 1 prepared from Sr2N, 
SrO and Mn, or, alternatively, from Sr2N, Mn2O3 and Mn, was pelletized and annealed at  
1248 K for 24 h with an intermediate regrinding. The resulting sample contained small 
amounts of SrO and Sr3[MnN3]. The cooling rate was found to have an impact on the reaction 
product. Thus, a disordered tetragonal modification was obtained upon fast cooling from the 
dwelling temperature, whereas after slow cooling (5–10 K/h) down to room temperature, a 
partially ordered orthorhombic phase could be obtained. Complete ordering has not been 
observed up to now. In particular, annealing of the disordered tetragonal phase at 973 K for 2 
weeks did not produce any changes. This means that the ordering temperature is lower, or that 
the kinetics at 973 K is too slow for any changes to take place. DTA measurements did not 
reveal any thermal effects in the temperature range T = 573–973 K, and the sample did not 
show any changes after these measurements. For physical property investigations, a sample of 
the disordered tetragonal phase was used.  
 
3.4.2. Crystal structure 
 
In one of the experiments aimed at the preparation of Sr4[Mn2N6], thin plate-like single 
crystals of a new phase were found. Single-crystal X-ray data recording proved to be 
challenging. The crystal demonstrated the presence of considerable diffuse scattering in the 
rotation diffraction patterns (Fig. 30). In addition, the small thickness of the crystals restricted 
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the completeness of the reciprocal space measurement. Indexing of the diffraction patterns 
yielded an orthorhombic C-centered unit cell with the lattice parameters a = 18.908(1) Å,  





Figure 30. Rotation diffraction pattern of Sr6[MnN3]2O around the a direction. A pronounced 
diffuse scattering is visible. 
 
The initial structural model was obtained by a charge-flipping algorithm in the space 
group Cmce (#64). In the course of the refinement, strong indications of disorder were 
evident. Introduction of split positions flattened out the residual electron density. 
Furthermore, due to the approximate equation b ≈ c, pseudo-merohedral twinning had to be 
taken into account. This was introduced by the matrix (1 0 0, 0 0 –1, 0 1 0). The refined twin 
fractions were determined to be 0.80/0.20. 
The refined composition turned out to be “Sr6Mn2N7”. However, an unusual oxidation 
state of +4.5 for Mn atoms, which were found to be trigonally coordinated by N, seemed to be 
questionable.  
The structure contained a single N position exclusively surrounded by Sr atoms, 
forming (Sr6N) octahedra. Some nitridometalate-oxides have been reported in which similar 
oxygen-centered octahedra are present, e.g., Ba3[ZnN2]O [237], Sr4[MoN4]O [238], 
(Ba6O)[TMN3]2 (TM = Re, Os) [239, 240]. Assuming that the (Sr6N) octahedra in the phase 
under study are actually (Sr6O), the composition Sr6[Mn
IV
N3]2O results, which was 
subsequently confirmed by an almost phase-pure synthesis of this compound starting from 
oxygen-containing precursors, and by magnetic measurements (see below).  
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Despite its composition being analogous to that of the (Ba6O)[TMN3]2 (TM = Re, Os) 
[239, 240] nitrides, Sr6[MnN3]2O crystallizes in a new structure type. It can be viewed as a 










The first layer in the sequence represents an antiperovskite-type slab of corner-sharing 
(Sr6O) octahedra with an O–Sr–O angle of 146.9(1)
o
. These octahedra display a rotational 
disorder in the oxygen plane (Fig. 31). Due to a rather rigid nature of the oxide layer, this 
disorder is presumed to be static, i.e., these slabs are present in two orientations. 
 
 
Figure 31. Layers of (Sr6O) octahedra in the Sr6[MnN3]2O crystal structure. Solid and dashed 
lines correspond to two different configurations. 
 





possessing C2v symmetry. These units point along the a-direction and also show a rotational 
disorder, with their orientation being dependent on the (Sr6O) octahedra rotation in the nearest 
layer. The refined Mn–N distances are 2  1.72(2) Å and 1.80(2) Å. The average bond length 





 units with the C2v symmetry [164]; however, it is comparable to the distances 
found in AE3[Mn
III





species. It is evident that the determination of oxidation states based on the crystallographic 
data only can be ambiguous. The presence of Mn
IV
 in Sr6[MnN3]2O was proven by magnetic 
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triangular coordination is subject to Jahn-Teller distortion, which explains the deviation from 
the perfect D3h symmetry. 
The layers of isolated Sr
2+
 ions are stacked between adjacent layers of [MnN3]
5–
 
moieties. Sr atoms in the former layers form almost perfect square nets with Sr–Sr distances 
of 3.683(3) Å and 3.694(5) Å.  
Refinement of the disorder in the orthorhombic phase revealed that two possible 
configurations are present with the 9 : 1 ratio, i.e., the single crystal under study was almost 
completely ordered. When this ratio is exactly 1 : 1, the disordered tetragonal phase is formed 
(space group I4/mmm), which was observed for the powder samples prepared as described 
above. The relation between the two phases is illustrated by the Bärnighausen tree shown in 
Fig. 32. The two structures are displayed in Fig. 33. 
 
 
Figure 32. Space group relation between the tetragonal and orthorhombic Sr6[MnN3]2O 
structures. Shown in bold are partially occupied atomic positions. 
 
The idealized perfectly ordered crystal structure of the orthorhombic Sr6[MnN3]2O can 
be described as a filled anti-Ba2[CuF6] derivative: Sr6Mn2ON6 = F6Ba2Cu6. Due to a  
Jahn-Teller effect, the [CuF6] octahedra in Ba2[CuF6] are axially elongated within the F plane. 
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In contrast, (Sr6O) octahedra in Sr6[MnN3]2O are compressed in the direction perpendicular to 
the Sr plane, possibly due to packing effects (in-plane d(Sr–O) = 2.710(3)–2.729(4) Å; out-of-
plane d(Sr–O) = 2.329(2) Å). 
Two non-equivalent nitrogen atoms adopt an octahedral (N1 in 8 d) and a 7-fold (N2 
in 16 g) coordination environment (Fig. 34). 
There are three symmetrically independent Sr atoms in the structure. Sr1 and Sr3 
adopt a six-fold coordination environment of non-metal atoms forming [Sr1N5O] and [Sr3N6] 
octahedra, respectively. Sr2 has six nitrogen and two oxygen atoms in the surrounding  
(Fig. 34). The Sr–N distances range from 2.59(2) Å to 3.17(2) Å. 
 
 
Figure 33. Crystal structures of the tetragonal (left) and orthorhombic (right) Sr6[MnN3]2O 
phases (for the latter structure, only the major configuration is shown for simplicity). Half-
occupied positions are drawn as hemispheres. Note that the orientation of [MnN3] triangles 
and (Sr6O) octahedra are coupled within each block (A, B), but not between the blocks, 




The structure of Sr6[MnN3]2O bears similarities with those of Ba4[BN2]2O [241] and 
AE4[GaN3]O (AE = Sr, Ba) [242, 243]. The former compound contains oxide layers of corner-
sharing (Ba6O) octahedra similar to (Sr6O) in Sr6[MnN3]2O. These layers alternate with 
isolated [BN2]
3–
 units along the a direction. However, in this nitridoborate-oxide, there are no 
isolated alkaline-earth metal ions residing between the [BN2]
3–
 species, leading to an  
AE-poorer composition and to a considerably smaller a parameter (15.753(1) Å in comparison 
with 18.908(1) Å in Sr6[MnN3]2O). In AE4[GaN3]O, complex layers of corner- and edge-
sharing (OAE1AE6/3)
4+
 mono-capped trigonal antiprisms are present. In addition, the structure 
possesses isolated AE
2+
 ions and trigonal [GaN3]
6–
 species. The stacking of the layers along 








. Since oxygen 
atoms in the oxide layers are not located in the same plane, the thickness of these layers is 
larger in comparison with the antiperovskite-like ones. This leads to a larger unit cell size 
along the stacking direction (b = 24.3378(5) Å in Sr4[GaN3]O). In this case, the composition 
also turns out to be AE-poorer in comparison with Sr6[MnN3]2O, this time owing to a different 
structure of the oxide layers.  
 
 
Figure 34. Coordination of Sr, N and O atoms in the crystal structure of orthorhombic 
Sr6[MnN3]2O.
1
 The distances (Å) are refined from a single crystal with a 9 : 1 disorder (see 
text). Only the major configuration is shown. 
                                                     
1
 In the course of the refinement, Sr3 was split to account for a sizeable elongation of its thermal ellipsoid. Given 
in the picture are mean distances around Sr3. 
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3.4.3. Electrical properties 
 
Sr6[MnN3]2O was found to be a semiconductor in the measured temperature range (Fig. 35). 
Due to a too high resistance at low temperatures, the data were recorded above 145 K. Fitting 
with an Arrhenius-type expression yields a bandgap of 0.35(2) eV. 
 
 
Figure 35. Temperature dependence of electrical resistivity for Sr6[MnN3]2O. Inset: 
ln(ρ/ρ295) vs. 1/T plot. Red line: linear fit. 
 
3.4.4. Magnetic properties 
 
Sr6[MnN3]2O orders antiferromagnetically at about 8 K and shows a Curie-Weiss-type 
paramagnetic behavior at higher temperatures (Fig. 36). A small increase of the susceptibility 
is observed at low fields (0.1 kOe) around 100 K. Whether this effect is intrinsic or related to 
a small amount of some ferromagnetic impurity is unclear. A similar increase of 
magnetization at the same temperature was reported for Sr3[MnN3] [161], which was 
identified as a minor impurity in our sample. The χ(T) curves at 3.5 and 7 T almost 
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completely overlap, indicating the absence of a significant ferromagnetic contribution. A fit of 
the high-temperature part of the corrected curve with a modified Curie-Weiss expression 
yields a Weiss constant of –16.2(2) K, suggesting moderate AFM interactions, and an 
effective magnetic moment of 2.46(1) µB. The latter value is in perfect agreement with the 
spin-only moment of two low-spin Mn
4+
 (S = 
1
2
) species per formula unit, µtheor = 2.45 µB/f.u., 
i.e., 1.73 µB per Mn. Since the C2v symmetry of the [MnN3] unit in Sr6[MnN3]2O precludes 
any orbital contribution to the magnetic moment, pure spin magnetism is observed in this 
case. For comparison, the distorted [Mn
IV
N3] units in Ba8[MnN3]3 (C1 point group) display a 
large spin-orbit coupling leading to a magnetic moment of 2.6 µB per Mn atom. 
 
 
Figure 36. Temperature dependence of the Sr6[MnN3]2O magnetic susceptibility under 
different fields. Inset: Honda-Owen corrected χ(T) curve (dots) fitted with a modified Curie-





Chapter 4. Ba4[Mn3N6], a mixed-valent nitridomanganate with a one-




The revision of the Ba–Mn–N ternary system in the compositional field with the Ba/Mn ratio 
around unity revealed the presence of a new phase, Ba4[Mn3N6], which turned out to be the 
first alkaline-earth nitridomanganate possessing a one-dimensional nitridomanganate 
substructure. The crystal structure was initially solved from a multiphase X-ray diffraction 
pattern, which yielded the actual composition and allowed an optimization of the synthetic 
conditions. 
Ba2N and Mn were mixed in the ratio Ba : Mn = 4.04 : 3. The 1 % Ba2N excess was 
used to compensate for Ba loss due to evaporation. The mixture was thoroughly ground and 
pelletized. The resulting pellet was subjected to a series of annealings under flowing nitrogen 
at T = 1023–1123 K for 108 hours in total. Early synthetic attempts showed that the title phase 
is metastable and decomposes if longer annealing times are applied, even if the annealing 
temperature does not exceed 873 K. Therefore, a proper annealing schedule had to be 
developed in order to obtain phase-pure samples. Despite an elaborate synthetic optimization, 
the produced samples always contained small amounts of impurities as indicated by the 
PXRD data. The intensity of the strongest impurity reflection was normally less than 3% of 
that of the main phase. Impurity reflections could be safely distinguished from the peaks 
corresponding to the desired compound, since the amount of side phases and hence the 
corresponding peak intensities varied from sample to sample. However, indexing of the 
impurity peaks or their assignment to any known phases has been unsuccessful so far. 
Chemical analysis of the purest sample yielded the following fractions of the elements (the 
second value corresponds to the calculated mass fraction, all in mass %): Ba: 69.2(8)/68.82, 
Mn: 20.3(2)/20.63, N: 10.49(8)/10.53, which fits to the composition obtained from the crystal 
structure solution within 2σ. Impurities, such as O, H, C, or Ta (from the crucible) were not 
detected in the produced samples. 
 
4.2. Crystal structure 
 
Guinier X-ray data were used for a preliminary structure analysis. Reflections of the major 
phase were indexed in the orthorhombic system. Reflection conditions were found to be 
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consistent with a single space group, Pbcn (#60). The structure solution and the further 
Rietveld refinement were conducted based on synchrotron data (Fig. 37). The direct method 
crystal structure solution software EXPO [196] located all metal atoms and two independent 
nitrogen atoms. One more nitrogen position was revealed in the course of a subsequent 
difference Fourier mapping. Displacement parameters of Mn and N atoms were refined 
isotropically with Uiso(N) being constrained to be the same for all nitrogen atoms. For Ba 
atoms, an anisotropic refinement proved to be possible. The refined unit cell parameters are  





Figure 37. Rietveld refinement of Ba4[Mn3N6] from synchrotron powder X-ray data with 
experimental points shown in black, calculated intensity after Rietveld refinement in red, and 
difference curve in blue (λ = 0.35434 Å). 
 
The crystal structure of Ba4[Mn3N6] can be viewed as consisting of corrugated chains 
of edge-sharing [MnN4] tetrahedra running along the c-direction, and Ba atoms immersed in-
between the chains (Fig. 38). A similar structural motif is observed for the AE3[M2N4] (AE = 
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] chains from linearity is weaker in these compounds (see Fig. 38). 
 
 





] chains in the crystal structure of Ba4[Mn3N6]. Distances are given 
in Å. (b, c, d) Crystal structure of Ba4[Mn3N6] viewed along the unit cell vectors. For 
comparison, the crystal structure of Ba3[Al2N4] (e) is shown. Ba, Mn, Al and N atoms are 
drawn in green, red, brown, and blue, respectively. 
 
The barium atoms Ba1 and Ba2 are (5+1)-fold and seven-fold coordinated, 
respectively, adopting a rather irregular coordination environment in both cases (Fig. 39, 
upper row). For Ba1, the 5 shortest Ba–N bonds range from 2.663(7) Å to 3.171(7) Å with the 
6
th
 closest nitrogen atom located at a relatively longer distance of 3.443(7) Å, thus completing 
the (5+1)-fold coordination environment. If N2 is not included, the resulting [Ba1N5] entity 
resembles a distorted square pyramid, similar to the corresponding coordination polyhedron in 
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Ba3[MnN3] [166]. Ba2 is surrounded by 7 nitrogen atoms at the distances 2.817(7)– 
3.068(7) Å. 
The nitrogen atoms N1 and N3 are octahedrally surrounded by the metal atoms so that 
each of N atoms has two manganese atoms and four barium atoms in the coordination 
environment. N2 has two Mn neighbors and (4+1) Ba neighbors [Fig. 39, lower row]. An akin 
coordination of N can be found in the above-mentioned AE3[Al2N4] (AE = Sr, Ba) compounds 
[226, 244] and can be regarded as an incomplete anti-cube with the eighth corner AE atom 
residing at a distance of 4.055(6) Å in Ba4[Mn3N6] (4.05 Å in Ba3[Al2N4]), which is 
significantly above the sum of the atomic radii. A similar environment was observed for the 
nitrogen position N3 in Sr4[Mn2N6] (see chapter 3.3). If Ba1, located at a distance of  
3.443(7) Å, is excluded from the coordination sphere of N2, the six-fold coordination results 
in a trigonal prism (N2Ba4Mn2). 
Two symmetrically independent manganese atoms, Mn1 and Mn2, alternate in the 
sequence [––Mn1–––Mn2–––Mn2––] along the chain. The corresponding Mn–N distances 
around the metal atoms lie in the range 1.980(7)–2.090(7) Å for Mn1 and 1.788(7)– 
1.914(7) Å for Mn2, with the respective bond valence sums of 2.36(2) for Mn1 and 3.88(3) 
for Mn2 (based on the bond valence parameters from Brese and O’Keeffe [217]). Hence, the 















 seems to be 
counterintuitive, because the former one represents a rather strong oxidizer, whereas the latter 
one is a strong reducing agent. However, such combinations are not unusual. Thus, the same 





3O8], with the oxidation state assignment being done in comparison with the 
isostructural Cd2[Mn3O8]) [249]. Similarly, Mn
I
 is believed to coexist with Ce
IV
 in 
Ce2[MnN3] (see chapter 1.2.3) [171, 175, 176]. 
Distribution of oxidation states in Ba4[Mn3N6] is further corroborated by comparing 
the Mn–N bond distances with those in other nitridocompounds bearing tetrahedrally 
coordinated Mn atoms. The range of the Mn–N distances around Mn1 is similar to that in 
Mn
II
[GeN2] (d(Mn–N) = 2.03–2.14 Å) [118] and α-Mn
II
[WN2] (d(Mn–N) = 2.01–2.19 Å) 
[123]. For Mn2, no proper reference compound can be found, since there are no phases 
known with Mn
IV
 adopting a tetrahedral environment of nitrogen ligands. However, the  
Mn–N bond length distribution around Mn1 resembles that of Mn atoms in Li7[Mn
V
N4] 
(d(Mn–N) = 1.81–1.83 Å [10]), with the bonds in the latter compound being shorter due to a 
higher oxidation state of Mn. 
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The significant difference of the Mn–N bond distances around the two independent 
Mn sites, which made the above-described oxidation state assignment possible, suggests a  
charge-ordering scenario, frequently observed for mixed-valent manganese oxides [250–252]. 
Since this scenario implies a certain electron localization, charge-ordered phases typically 
possess bandgaps in their electronic structures. Indeed, the resistivity of Ba4[Mn3N6] also 
shows a gapped behavior (see below). 
 
 
Figure 39. Coordination of Ba and N atoms in the structure of Ba4[Mn3N6] (see text for 
details). 
 
Similarly to the case of Sr4[Mn2N6] (chapter 3.3), rather short distances between the 
adjacent Mn atoms are observed in Ba4[Mn3N6]: d(Mn1–Mn2) = 2.520(2) Å, d(Mn2–Mn2) = 
2.513(2) Å. Interestingly, these distances are essentially equal, despite the different oxidation 
states of the two manganese species. The Mn–Mn distances in other chain nitridomanganates 
are always much longer, with 3.33 Å being the shortest reported (in U2[MnN3], with corner-
sharing rectangular [MnN4] units [172]).  
 
4.3. Electrical properties 
 
Temperature dependence of the Ba4[Mn3N6] electrical resistivity is shown in Fig. 40. Only the 
data above 62 K could be obtained, since at lower temperatures, the resistivity exceeds the 
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maximal measurable value achievable with the employed experimental set-up. As the 
resistivity approaches this limit, the plot becomes noisy. Therefore, the transition visible in 
the magnetic susceptibility data below 70 K (see below) cannot be observed. Nevertheless, a 
distinct semiconducting behavior is evident. As it is seen from the ln(ρ/ρ295) vs. 1/T plot  
(Fig. 40, inset), the temperature behavior of resistivity does not follow a simple Arrhenius-
type dependence in a wide temperature range. Linear fitting of the high-temperature region 
yields an estimated bandgap of 0.42(1) eV (the standard deviation was calculated from the 
statistical analysis of the dln(ρ/ρ295)/d(1/T) value in the fitted range). Although the plot can be 
linearized in the ln(ρ) vs. T
–1/n
 coordinates, which is frequently discussed as an indication of 
the variable-range hopping conduction, calculations show that such kind of behavior can be 
observed even for a traditional band transport mechanism [253]. 
 
 
Figure 40. Temperature dependence of electrical resistivity for Ba4[Mn3N6]. Inset: ln(ρ/ρ295) 
vs. 1/T plot (circles) with a linear fit (red line). 
 
4.4. Magnetic properties 
 
All Ba4[Mn3N6] samples contained small amounts of a ferr(o/i)magnetic impurity 
corresponding to about 4 mass % of Mn4N, which strongly hindered determination of the 
intrinsic magnetic properties. Therefore, only the high-field susceptibility data are shown in 
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Fig. 41. No reflections of Mn4N could be observed in the powder X-ray diffraction patterns, 
probably due to the small fraction thereof and an overlap of its most intense reflection with 
the (132) reflection of Ba4[Mn3N6].  
Magnetic measurements performed on a powder sample of Ba4[Mn3N6] revealed a 
non-Curie-Weiss behavior reflected in an almost linear increase of susceptibility upon cooling 
down to about 70 K. Below this temperature, an antiferromagnetic transition occurs, followed 
by a hyperbolic increase of susceptibility (probably associated with a paramagnetic impurity 
or intrinsic defects). To check for a possible emergence of a Curie-Weiss-type behavior in a 
wider temperature range, a high-temperature magnetic susceptibility measurement was 
performed. According to the DTA/TG measurements, Ba4[Mn3N6] starts to lose mass at 
around 673 K under inert conditions (Ar). For these reasons, the magnetic measurements were 
performed between 320 K and 573 K to avoid possible decomposition. In this region, the 
temperature dependence of the magnetic susceptibility was found to stay linear. The fact that 
the susceptibility of this semiconducting compound does not enter the Curie-Weiss regime 
even at the highest measured temperature, suggests a high degree of frustration, consistent 
with the one-dimensional structure of the phase under study.  
 
 
Figure 41. Temperature dependence of magnetic susceptibility for Ba4[Mn3N6] up to 400 K. 
Inset: dχT/dT(T) plot. AFM transition is denoted with a dashed line. 
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To estimate more precisely the ordering temperature, a dχT/dT(T) graph (Fisher’s heat 
capacity [254]) was plotted. A sharp feature at 68 K associated with the antiferromagnetic 
transition could be observed. The transition was found to be at the same temperature when the 
data at lower fields (10 kOe and 1 kOe) were analyzed.  
 
4.5. Electronic structure 
 
For symmetry reasons, in the case of Ba4[Mn3N6], there are three independent paths of 
magnetic coupling between the manganese atoms which are required to describe the 3D 
magnetic structure of this phase. To keep the one-dimensional description of the 
nitridomanganate structure, they can be chosen as Mn1–Mn2 and Mn2–Mn2 along the chain 
and, e.g., Mn2–Mn2 as the interchain coupling between the nearest Mn neighbors in the 
adjacent chains. This gives rise to 2
3
 = 8 possible collinear magnetic arrangements. Six of 
them are antiferromagnetic (AFM), one is ferromagnetic (FM), and one is ferrimagnetic 
(FiM) (Fig. 42). 
To estimate the stability of the magnetic structures, total energy DFT calculations 
within the “pure” LSDA, as well as within the LSDA+U approaches, were performed for each 
of them. The U values of 2 eV, 2.5 eV, 3 eV, 4 eV and 6 eV were tested in the calculations. 
The “pure” LSDA revealed AFM2 as the most stable ground state. However, the 
energy difference between this magnetic structure and the next lowest lying one, which is 
AFM1, was found to be only 0.7 meV per formula unit. According to the LSDA+U 
calculations, for all U values employed, the lowest energy is achieved in the case of the 
AFM1 and AFM2 structures, with the former one being slightly more stable at all U 
magnitudes. The energy difference between AFM1 and AFM2 was never greater  
than ≈ 6 meV per formula unit. In all calculations, the third most stable arrangement was 
separated from these two structures by an energy interval of about two orders of magnitude 
larger. From these results, it is evident that based on the DFT calculations only, it is hard to 
judge which of the two structures (AFM1 or AFM2) is the actual ground state.  
Both AFM1 and AFM2 possess Mn chains with an antiferromagnetic coupling 
between adjacent Mn atoms. The difference between the two structures arises from the 
coupling between the chains, which is AFM (with respect to the Mn2–Mn2 interchain 
coupling, see above) in the case of AFM1, and FM for AFM2. Since the structure 
demonstrates a strongly one-dimensional behavior, the magnetic arrangement of the chains 
with respect to each other has only a weak effect on the total energy, as well as on the 
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magnetic moments and the bandgap. The energy difference between AFM1 and AFM2 can in 
fact be used as a measure of the proximity of the magnetic dimensionality to unity. 
 
 
Figure 42. Different types of magnetic arrangements of Mn atoms in the Ba4[Mn3N6] crystal 
structure. Colored lines denote the symmetrically independent couplings chosen to describe 
the 3D magnetic structure. White and black circles denote the spin-up and spin-down 
configurations, respectively.  
 




, as well as the bandgaps, were 
almost identical for AFM1 and AFM2 in all calculations, and increased linearly with the 
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increasing U in the LSDA+U approach. The following magnitudes were obtained for the 
“pure” LSDA: µ(Mn
2+
) = 2.96/2.96 µB, µ(Mn
4+
) = 1.09/1.10 µB, Eg = 0.18/0.17 eV for AFM1 
and AFM2, respectively. Fully relativistic calculations were also performed for the AFM2 
structure to take spin-orbit coupling into account. Three different directions of the 
quantization axis along each of the lattice vectors were tested. Although orbital contribution is 
symmetrically allowed for both Mn species in the Ba4[Mn3N6] crystal structure, only a small 





respectively. This result demonstrates that large orbital effects in nitridometalates are more 
typical for low-coordinate complexes (CN = 2–3). 
In the LSDA+U calculations, the bandgap was found to be larger than 0.5 eV already 
for a moderate U value of 2 eV, suggesting that the electron correlations, if present, can be 
already overestimated with this U magnitude. However, one should keep in mind that the 
experimental bandgap value of 0.4 eV was determined in the paramagnetic state (with the 
extrapolation to 0 K), whereas the calculated one corresponds to the magnetically ordered 
state. In the following, only the results of the “pure” LSDA calculations will be discussed. 
It is worthwhile to note that FM-coupled AFM chains were predicted to be the stable 








] tetrahedra. In Li3[FeN2], as in Ba4[Mn3N6], a fairly short 
distance between the transition metal atoms is observed (d(Fe–Fe) = 2.40 Å [35]). This can 
facilitate a direct magnetic exchange, which appears to be prevalent over the superexchange. 
The latter one would rather lead to a ferromagnetic ordering along the chains, according to the 
Goodenough-Kanamori-Anderson rules, since the TM–N–TM angle in both compounds is 
close to 90
o 
due to the edge-sharing. 
The electronic density of states for the AFM2 structure is shown in Fig. 43. The 
calculated bandgap of 0.17 eV is smaller than the measured value of 0.4 eV. Such an 
underestimation is expected for calculations on the local (spin) density approximation level. 
Well below the Fermi level, the DOS is mainly composed of N(2p) states, whereas well above 
EF, the states have a predominantly Ba character, indicating an electronic transfer from the Ba 
to the N atoms. A significant contribution of the Mn(3d) states is observed close to the Fermi 
level, where they get hybridized with the N(2p) states. Interestingly, if site resolved DOS 
contributions from the Mn(3d) states are examined, a considerable hybridization between 
Mn1(3d) and Mn2(3d) states is observed in the region –1.9 eV < E – EF < 0 eV, indicating 





Figure 43. LSDA electronic density of states for Ba4[Mn3N6] in the AFM2 structure. 
 
 
Figure 44. LSDA band structure of Ba4[Mn3N6] (AFM2). 
 
The band structure for Ba4[Mn3N6] close to the Fermi level is given in Fig. 44. A 
noteworthy feature is an enhanced dispersion of some bands along the Γ–X and R–T 
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directions of the Brillouin zone, i.e., parallel to the nitridomanganate chains (in the AFM2 
structure), which indicates a pronounced one-dimensional electronic behavior. 
 
4.6. Chemical bonding 
 
To gain insight into possible Mn–Mn interactions in Ba4[Mn3N6], ELI-D and ELF 
calculations were performed. Although no clear maxima corresponding to bonding 
interactions between Mn atoms were observed, a considerable deviation of the Mn 
penultimate shells from the spherical shape and a sizeable ELI-D (ELF) in the regions 
between the Mn positions were evident (Fig. 45). 
 
 





] chains in Ba4[Mn3N6]. Mn 
and N atoms are shown in red and blue, respectively. 
 
The COHP curves (Fig. 46) were calculated for Ba4[Mn3N6] in the AFM2 structure 
(see above) and for Ba3[Al2N4]. The chosen nitridoaluminate bears structural similarities with 
Ba4[Mn3N6] and demonstrates an Al–Al distance of 2.57 Å between the adjacent Al atoms in 
the chains (cf. 2.86 Å in the elemental Al). This distance is close to the shortest Mn–Mn 
distance in Ba4[Mn3N6] (d(Mn–Mn) = 2.513(2)–2.519(1) Å; in α-Mn, d(Mn–Mn) = 2.26– 
2.93 Å in the first coordination shell). Before performing the COHP calculations, the 
electronic band structures calculated with the LMTO code were cross-checked with the FPLO 
results. A good agreement was found in all cases. Since the AE–N and Mn(Al)–N interactions 
were expectedly found to be mostly bonding below the Fermi level, their discussion is 
skipped in this section. 
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For Ba3[Al2N4], a combination of bonding and antibonding interactions was observed 
below EF. These interactions are partially counterbalanced resulting in a weakly bonding, 
though strongly under-optimized, condition at EF with an ICOHP magnitude of 0.11 eV/bond. 
The states just below the Fermi level are of antibonding character. 
 
 
Figure 46. COHP curves for the Al–Al and Mn–Mn interactions in Ba3[Al2N4] (upper left 
image) and Ba4[Mn3N6] (upper right and lower images), respectively. For symmetry reasons, 






In the case of Ba4[Mn3N6], predominantly bonding interactions are observed below EF. 
Moreover, these interactions appear to be almost optimized for all pairs of Mn atoms 
considered. This suggests a pronounced metal-metal interaction, in contrast to Ba3[Al2N4]. 
Despite a longer Mn–Mn distance (≈ 2.50 Å) in Ba4[Mn3N6] in comparison with Sr4[Mn2N6] 
(≈ 2.40 Å), the metal-metal interaction turns out to be an important contribution to the 
stability of the former phase as well. 
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At this point, it is worthwhile to recall the calculated magnetic moments on the Mn 








). Since a high-spin state would be 
anticipated for a tetrahedral coordination (though low-spin arrangements are rarely observed 
[256]), the given moments are 2 µB smaller each than the expected values. A likely 
explanation of this discrepancy in the light of the discussed bonding properties would be the 
following: Mn atoms in Ba4[Mn3N6] form 2c-2e Mn–Mn bonds, which is reflected in the 
nearly optimized Mn–Mn interactions. Since each of the Mn atoms uses two electrons in total 
for the formation of such bonds, the resulting ordered magnetic moment gets reduced by 2 µB 
in comparison with the high-spin value for an isolated ion. 
Interestingly, initially, a low-spin state of tetrahedrally coordinated Fe was reported in 
the chain nitridoferrate Li3[Fe
III




suggested based on DFT calculations [255]. Since that time, no additional reports on the 
magnetic properties of this compound have been published. It is possible to assume that a 
metal-metal interaction between the iron atoms in Li3[FeN2] can be responsible for the 
quenching of the magnetic moment as in the case of Ba4[Mn3N6]. 
Thus, similarly to Sr4[Mn2N6], Mn atoms in Ba4[Mn3N6] are chemically bound. The 
anionic substructure of Ba4[Mn3N6] can be therefore described as consisting of nitrogen-











The title phase was observed for the first time in a sample with the atomic ratio Ca : Mn =  
1 : 1. Pressed pellets of Ca3N2 and Mn were annealed under N2 stream at different 
temperatures in the range 1023–1373 K. The emergence of a new phase was evident at around 
1223 K, whereas at temperatures above 1273 K, complete decomposition occurred leading to 
Ca3[MnN3] and Mn2N as the only solid phases. The former compound was also present as an 
impurity in all samples prepared with the above-mentioned composition. At 1223 K, another 
side-phase was observed, which was later found to be Ca133[Mn216N260] (see chapter 5.2). No 
other phases were detected in any of the samples. Subsequent structure solution allowed for 
single-phase sample preparation starting from the composition Ca : Mn = 0.66 : 1  
(≡ 12.6 : 19), with a slight Ca excess to compensate for evaporation. The mixture was 
pelletized and annealed at 1273 K under N2 stream for 150 h, followed by natural cooling in 
the shut-off furnace. 
 
5.1.2. Crystal structure  
 
The reflections belonging to the new phase could be indexed in the hexagonal system with the 
lattice parameters a ≈ 11.81 Å, c ≈ 5.59 Å. No systematic extinctions could be identified 
leading to 16 possible space groups: P3 (#143), P3̅ (#147), P312 (#149), P321 (#150), P3m1 
(#156), P31m (#157), P3̅1m (#162), P3̅m1 (#164), P6 (#168), P6̅ (#174), P6/m (#175), P622 
(#177), P6mm (#183), P6̅m2 (#187), P6̅2m (#189), P6/mmm (#191). Close inspection of the 
sample prepared at 1273 K revealed the presence of small gray particles, which were assumed 
to be single crystals. These particles were selected for single-crystal X-ray diffraction, which 
showed that all of them were in fact intergrowths. It is worthwhile to note that the diffraction 
images collected from these aggregates demonstrated a perfect translational symmetry along 
one direction, which was identified to be that parallel to the c axis. This could mean that the 
collected particles represented individual single crystals intergrown along the c direction and 
showing a random orientation in the ab plane. Indeed, a SEM investigation of the sample 




Figure 47. SEM microphotographs of Ca12[Mn19N23] aggregates in the back-scattered (left) 
and secondary electron (right) modes. The stacking direction is indicated (see text). 
 
Whereas the surfaces perpendicular to the c direction were found to be perfectly flat, 
the microstructure of the aggregates along this direction showed numerous step-like features. 
Although being not suitable for single-crystal X-ray diffraction analysis, the 
intergrowths found in the sample gave the first hint on a possible layered structure of the new 
phase. Energy-dispersive X-ray spectra were collected from several particles to estimate the 
actual Mn/Ca ratio, which was found to be 1.37(7). 
Different attempts to optimize the single-crystal growth with the proper metal ratio did 
not lead to any suitable single crystals; however, almost phase-pure powder samples could be 
obtained, and a subsequent crystal structure determination from powder data was attempted. 
Structure solution by conventional methods (direct methods, Patterson mapping, charge 
flipping) was not successful, therefore a direct space crystal structure solution with the 
program FOX [198] was employed. The space group P3 was chosen for the procedure, since 
it is a common subgroup of all 16 possible space groups. Ca, Mn, and N atoms were 
introduced as building blocks, and the dynamical occupancy correction was activated to 
properly treat excess atoms and atoms on the special positions. Typical interatomic distances 
were checked, and soft anti-bump restraints were introduced (3 Å for Ca–Ca, 2.6 Å for Ca–
Mn, 2.2 Å for Ca–N, 2.2 Å for Mn–Mn, 1.65 Å for Mn–N and 2.4 Å for N–N). The parallel 
tempering mode was used for the global optimization with the default parameters. Several 
optimization runs with different starting numbers of atoms were performed, and the best 
solution which was consistently found was taken as an input for a further Rietveld refinement. 
The solution actually showed a 2D framework of Mn atoms and contained 4 Ca, 7 Mn and  
9 N symmetrically independent positions with the total formula Ca12[Mn19N23]. The metal 
composition fits within the 3σ range to the value determined by EDX. No additional 
87 
 
symmetry could be found, and the initially chosen space group was retained. Due to a poor 
observable to parameter ratio, a successful refinement of the model from the laboratory X-ray 
data (Fig. 48) could only be accomplished after introduction of bond-distance restraints with 
all isotropic displacement parameters constrained to be equal within each chemical type. 
With the precisely known composition, it was possible to synthesize a single-phase 
powder sample. The analytically determined chemical composition versus the calculated one 
was (in mass %) Ca: 26.4(4)/26.04; Mn: 55.4(6)/56.52; N: 17.3(3)/17.44. No other elements 
could be found in the sample above the detection limits (0.1% for Ta, 0.25% for O, 0.02% for 
H, 0.3% for C). 
 
 
Figure 48. Rietveld refinement of Ca12[Mn19N23] from laboratory X-ray data with 
experimental points shown in black, calculated intensity after Rietveld refinement in red, and 
difference curve in blue (λ = 1.54056 Å). 
 
To further improve the structural model and the reflection-to-parameter ratio, a 
synchrotron powder X-ray diffraction pattern was recorded for a pure sample of 
Ca12[Mn19N23]. No impurity reflections were observed, and the powder pattern could be fully 
indexed in the hexagonal system with the lattice parameters a = 11.8130(1) Å,  
c = 5.58976(7) Å, V = 675.53(1) Å
3
, in accordance with the laboratory X-ray data. The whole 
procedure of crystal structure solution and refinement was conducted as described above but 
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with no bond-distance restraints. Isotropic displacement parameters had to be constrained 
within each chemical type. In addition, the displacement parameters of nitrogen atoms were 
set to be equal to those of manganese atoms, since an independent refinement always led to 
slightly negative values for Uiso of N atoms, possibly due to an improper absorption 
correction. 
The refinement converged to essentially the same structure as the one determined from 
the restrained refinement based on the laboratory X-ray data. No additional symmetry 
elements could be found even when only metal atoms were taken into consideration. This 
explains why crystal structure solution methods based on |Fobs| did not generate any sensible 
starting model. Since the LeBail decomposition procedure implies equipartitioning of the 
overlapping reflections, crystal structures possessing high metric symmetry together with a 
low Laue symmetry (as in the present case) tend to be hardly solvable using reciprocal space 
or dual-space techniques [257], therefore direct space methods should be used. 
In the following, only the structural model refined from the synchrotron data will be 
discussed. The final refinement is shown in Fig. 49. 
 
 
Figure 49. Rietveld refinement of Ca12[Mn19N23] from synchrotron X-ray data with 
experimental points shown in black, calculated intensity after Rietveld refinement in red, and 
difference curve in blue (λ = 0.35434 Å). Inset: (001) reflection with a pronounced diffuse 
scattering (right-side asymmetry). 
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Isotropic displacement parameters of manganese atoms were found to be slightly 
larger than those of calcium atoms, possibly indicating some disorder in the manganese 
layers, which is consistent with the diffuse scattering observed for some strong reflections 
(Fig. 49, inset). Such effects are normally related to structural defects (e.g., stacking faults) 




Figure 50. Crystal structure of Ca12[Mn19N23] viewed along the (a) [001] and (b) [110] 
directions. Green hexagons denote a repeating building block drawn around Mn1. 
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As was mentioned above, the crystal structure of Ca12[Mn19N23] belongs to the P3 
space group and is therefore chiral. A closer inspection of the structure shows that the 
chirality is only induced by the nitridomanganate substructure, since the arrangement of Ca 
atoms satisfies the space group P31m with a high accuracy. Thus, it can be speculated that a 
pronounced microstructure contribution to the synchrotron powder diffraction pattern can be 
associated with possible stacking faults in the arrangement of left- and right-handed 
nitridomanganate layers. 
Fig. 50 displays the crystal structure of Ca12[Mn19N23]. This phase can be described as 




 slabs alternating along the c 
direction.  
Each nitrogen atom in the structure is octahedrally coordinated by three Ca and three 
Mn atoms, bridging the Ca and Mn layers. 
Three out of four symmetrically independent Ca atoms possess an octahedral 
environment of nitrogen atoms, whereas Ca4 is five-fold coordinated. The Ca–N distances lie 
in the range 2.26(3) Å –2.73(3) Å.  
 
 
Figure 51. Empty tetrahedral voids (dashed lines) in the structures of Ca12[Mn19N23] and 
Ca3[MnN3]. 
 
Three Ca4 and one Mn1 atoms form a tetrahedral void (Fig. 51), which could 
accommodate a nitrogen atom and complete an octahedral environment of Ca4 (and a 
tetrahedral environment of trigonally coordinated Mn1, see below). An attempt to refine the 
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structure with this position fully occupied by nitrogen significantly increased the R values. 
Further attempts to refine the occupancy of this artificially introduced N position led to a 
negligible occupation and did not improve the refinement in comparison with the original 
model. Similar AE4Mn tetrahedral voids can be found in the crystal structures of AE3[MnN3] 
(AE = Ca, Sr, Ba) [164, 166], Sr8[MnN3]2[MN2] (M = Mn, Fe) [186], and AE8[MnN3]3  
(AE = Sr, Ba) [170]. The occurrence of this structural feature can be ascribed to a large spatial 
requirement of the occupied Mn dz
2
 orbital pointing perpendicular to the plane of the nitrogen 
atoms. 
Among 7 independent Mn atoms, 4 atoms are tetrahedrally coordinated by N  
(d(Mn–N) = 1.92(2)–2.07(2) Å), whereas the remaining 3 atoms reside in a trigonal 
environment (d(Mn–N) = 1.88(3)–2.01(2) Å). The resulting polyhedra are joined together by 
edge- and corner-sharing, so that each [MnN3] trigonal pyramid, except [Mn1N3], is 
surrounded by four [MnNx] units which are linked to it by vertex-sharing and one [MnN4] 
tetrahedron connected by edge-sharing. Each [MnN4] tetrahedron has in turn six [MnNx] 
neighbors, two of which connect to it by edge-sharing and four by corner sharing. The Mn1 
atom, occupying the 1a special position, forms a perfect trigonal [MnN3] pyramid and has six 
[MnN4] tetrahedra in its surrounding which are all corner-connected to [Mn1N3]. This leads to 
truncated chains of edge-sharing [MnNx] polyhedra with the Mn1 atoms being located 
between these chains. As a result, the Mn–Mn distances around Mn1 are longer in comparison 
with the corresponding distances around the other Mn atoms. It is noteworthy that they are 
also longer than the Mn–Mn contacts in the first coordination shell of α-Mn. In contrast, each 
of the remaining Mn atoms in the structure has closely located Mn neighbors (Fig. 52), which 
could favor a metal-metal interaction.  
The location of Mn1 in the special position restricts the orientation of its d-orbitals. 
Within the C3v local symmetry, the dz
2
-orbital can be visualized as oriented along the  




 and dxy, which are mainly used for the Mn–N bond 
formation, point towards the nitrogen ligands. Two other doubly degenerate orbitals, dxz and 
dyz, are lying perpendicular to the ligand plane. This topology, together with the spatial 
remoteness, precludes any considerable overlap between the d-orbitals of Mn1 with those of 
the other Mn atoms. Therefore, a rather weak interaction of Mn1 with the neighboring Mn 
atoms can be expected. 
With the exception of the [Mn1N3] unit, displaying a considerable offset of the central 
Mn atom from the nitrogen plane of 0.915(5) Å, the remaining trigonal pyramids are close to 
planarity, with a maximal height of 0.251(4) Å.  
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The bond valence sum analysis does not give any indications of charge ordering for 
the Mn atoms. The average oxidation number based on the formula sum is ≈ 2.37. If no 
charge separation takes place, each manganese position can be regarded as mixed-occupied by 
63% Mn
2+
 and 37% Mn
3+
. The observed C3v symmetry of [Mn1N3] is expected to be unstable 
with respect to Jahn-Teller distortion when such a mixed-valent occupation is assumed. 
However, this assumption is corroborated by magnetic measurements (see below). The 
symmetry lowering may be too small to be detected by X-ray diffraction, or it may be 
dynamic in nature. It is worthwhile to mention that [FeN3]
6–
 units in the crystal structure of 
Ca6[FeN3]N2 possess a perfect D3h symmetry according to XRD analysis [43], although a 
Jahn-Teller distortion is expected for the reported intermediate-spin state [161, 163]. 
 
 
Figure 52. Histogram of the shortest Mn–Mn distances around each symmetrically 
independent Mn atom in Ca12[Mn19N23]. Black horizontal lines denote the range of 
interatomic distances in the first coordination shell of Mn in α-Mn. 
 
5.1.3. Electrical properties 
 
According to the temperature dependence of the electrical resistivity, Ca12[Mn19N23] behaves 
like an extrinsic semiconductor. In the temperature region 4–20 K, a population of the 
conduction band with the charge carriers provided by dopant states is observed (Fig. 53, 
region I), followed by a metal-like behavior in the range 20–75 K, associated with the 
saturation state (Fig. 52, region II) when all dopant levels have depleted and the concentration 
of the intrinsic charge carriers is not yet high enough to further decrease the resistivity. Above 
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75 K, a further increase of the charge carrier concentration counteracts the electron-phonon 
scattering, leading to an exponential reduction of resistivity (Fig. 53, region III), as in an 
intrinsic semiconductor. A slight change of the slope at 90 K, which becomes clearly visible 
in the dρ/dT(T) plot (Fig. 53, upper inset), is associated with an AFM ordering (see below). A 
fit of the high-temperature part of the resistivity plot with an Arrhenius-type expression  
(Fig. 53, lower inset) gives a bandgap value of 6.6(9) meV, which characterizes 
Ca12[Mn19N23] as a narrow-gap semiconductor, consistent with its gray color. A low value of 
the bandgap favors the assumption about the absence of any charge-ordering in this phase. 
The origin of the dopant states is not yet clear and can be attributed to a slight non-
stoichiometry of the phase, not detectable by X-ray diffraction. 
 
 
Figure 53. Temperature dependence of electrical resistivity for Ca12[Mn19N23]. Upper inset: 
dρ/dT(T) plot, showing a transition at 90 K. Lower inset: ln(ρ/ρ295) vs. 1/T plot (circles) with a 
linear fit (red line). 
 
5.1.4. Magnetic properties 
 
Temperature dependence of the Ca12[Mn19N23] magnetic susceptibility is shown in Fig. 54. A 
pronounced field-dependence of the measured curves originates from a small amount of the 
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ferrimagnetic Mn4N (< 1 mass %) as evidenced by the high-temperature magnetic 
measurements (Fig. 54, inset), which demonstrate a rapid increase of susceptibility at  
TC = 740 K in good agreement with the literature data [86]. The Honda-Owen corrected 
susceptibility curve displays a Curie-Weiss behavior down to 90 K. At this temperature, 
Ca12[Mn19N23] undergoes a 3D AFM ordering. Fitting of the corrected dependence above  
100 K with a modified Curie-Weiss expression yields a Weiss constant of –66(2) K, implying 
AFM interactions, and an effective magnetic moment of 2.74(2) μB per f.u. Such a small value 
of μeff
 
is not consistent with a simple localized-electron picture which could be inferred from 
the semiconducting properties of the compound under investigation. If one adheres to the 
formal assignment of oxidation states done before, a total of 12 manganese atoms per formula 
unit have an odd number of electrons each. Thus, even if a low-spin state is realized for all 
manganese atoms in the structure (i.e., S = 0 for all Mn
3+
 and S = 
1
2
 for all Mn
2+
, neglecting 
local symmetry restrictions), an effective magnetic moment of μ
eff
 = √12 · 1.73 μ
B




Figure 54. Temperature dependence of magnetic susceptibility for Ca12[Mn19N23]. Red line: 
fit with a modified Curie-Weiss expression. Inset: high-temperature data. Magnetic transition 
of the Mn4N impurity is indicated. 
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A possible explanation of the low effective magnetic moment can be deduced from the 
crystal structure of Ca12[Mn19N23]. As was mentioned above, the arrangement of Mn atoms 
within the layers strongly favors a metal-metal bond formation, and consequently, a 
quenching of the magnetic moment. The only manganese atom which apparently does not 
interact strongly with the surrounding Mn atoms is Mn1, residing in the 1a position. If Mn1 
carries a localized magnetic moment, a low-spin state can be expected in analogy with the 
similarly coordinated Mn
3+
 in Li24(MnN3)3N2 [10]. The spin-only magnetic moment of Mn1 
will be then in the range 1.73−2.83 μB in the absence of any pronounced spin-orbit coupling. 
Since the later condition is not always fulfilled for low-coordinated transition metal ions, as 
was discussed in the previous chapters, an EPR measurement was performed to determine the 
actual magnitude of the g-factor. 
 
 
Figure 55. Room-temperature EPR-spectrum of Ca12[Mn19N23]. Red line: Lorentzian fit to the 
experimental data. 
 
The first EPR measurement performed on 3 mg of the sample showed a weak 
resonance line consistent with a low concentration of the paramagnetic species. A larger 
amount of the sample (18 mg) had to be used to repeat the measurement and record the 








) cannot be resolved. This signal can be attributed to the Mn1 species exclusively. 
Although the resonance line is quite broad, the absence of any pronounced fine structure is 
evident, which points towards a negligible interaction between the paramagnetic center and its 
environment. This is in accordance with a large spatial separation of Mn1 from the other Mn 
atoms.  
A g-value of 2.45(4) was determined from the position of the resonance line. The 




 = g · √x · S1 · (S1 + 1) + (1 – x) · S2(S2 + 1), 
 
where x corresponds to the fraction of the species with spin S1 (0.63 of Mn
2+
 with S = 
1
2
) and  
(1 – x) is the fraction of the S2 species (0.37 of Mn
3+
 with S = 1).  The calculation yields  
µeff = 2.70(5) µB, which fits perfectly to the effective magnetic moment per formula unit found 
from the magnetic susceptibility data. 
These results suggest that the manganese atoms involved in the metal-metal bonding 
possess strongly quenched magnetic moments due to natural electron pairing associated with 
the bond formation and behave as a diamagnetic or weakly magnetic medium. In contrast, 
Mn1 shows a localization of the d-electrons. Thus, only about 5% of the transition metal 
atoms present in this phase determine its Curie-Weiss-type magnetic behavior. 
A similar description for the explanation of magnetic properties was proposed for 
Ba[NiN] [234, 235], which displays an effective magnetic moment of 1.0 μB per f.u. [75]. A 
Ni–Ni bond formation in this case is realized due to short metal-metal distances between 





] chains, making these bound atoms diamagnetic. As a 
result, only one third of the nickel atoms carry a magnetic moment of 1.73 μB (one unpaired 
electron, as expected from the d
9
-configuration), which yields 1.73/√3 μB = 1.0 μB per f.u. 
However, this example is arguable, since this Ni phase shows metallic behavior, which cannot 
be properly described in terms of localized electrons.  
Another example of a similar quenching of magnetic moments in a complex transition 
metal nitride is Sc[TaN2], possessing a layered crystal structure with a hexagonal net of Ta 
atoms. Although formally adopting a +3 oxidation state, these atoms are not magnetic due to a 
three-center bond formation. The Ta–Ta bonding results in a diamagnetic ground state 
predicted by DFT calculations and observed experimentally [30]. 
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In contrast to these two examples, Ca12[Mn19N23] is a semiconductor with a 
coexistence of essentially non-magnetic or weakly paramagnetic chemically bound Mn atoms 
and Mn atoms with localized magnetic moments possessing no metal-metal bonding. 
Although the arrangement of Mn1 atoms represents a perfect hexagonal net and is 
hence frustrated, an AFM transition observed experimentally can be accomplished by an FM 
ordering within the layer and an AFM ordering between the adjacent layers, or by a 











The first experiments which yielded the title phase suggested that the new compound might 
be a low-temperature modification of Ca12[Mn19N23] (chapter 5.1) judging from the 
similarities of the powder diffraction patterns (see below). Further investigation showed that 
the compositions of the two phases differ slightly. 
A single-phase powder sample of Ca133[Mn216N260] was prepared by annealing a 
pressed pellet of a Ca3N2/Mn mixture with the metal ratio Ca : Mn = 0.62 : 1 under N2 stream 
at 1223 K for 190 h with several intermediate regrindings. After each annealing step, the 
sample was allowed to cool down naturally in the shut-off furnace. Although the powder 
pattern of the resulting sample resembled that of Ca12[Mn19N23], a possible symmetry 
lowering and/or a unit cell increase could be deduced from a larger number of reflections 
(Fig. 56). Initial attempts to index the diffraction pattern failed due to the large volume of the 
unit cell, as was later shown by single-crystal diffraction (see below). The mass fractions of 
the constituting elements as determined by chemical analysis were Ca: 25.4(2)/25.58, Mn: 
57.2(3)/56.94, N: 16.9(2)/17.48 (all values are in mass %, the second value in each category is 
the calculated weight fraction). No other elements could be found in the sample above the 
detection limits (0.1% for Ta, 0.25% for O, 0.02% for H, 0.3% for C). 
Single crystals were grown using lithium nitride as a flux. For this purpose, Ca3N2, Mn 
and Li3N were mixed in the molar ratio 1 : 1.6 : 1, respectively,  thoroughly ground, and 
pelletized. The pellet was then annealed under flowing N2 at 1223 K, followed by a slow 
cooling with 10 K/h down to room temperature. After the reaction, the pellet was found to be 
partially molten and a deposit of solid Li3N was found on the inner surface of the reaction 
tube. Several shiny aggregates were mechanically isolated from the batch. Most of them 
turned out to be intergrowths. Only one proved to be a single crystal, though of a rather poor 
quality.  
 
5.2.2. Crystal structure 
 
Indexing of the single-crystal diffraction images yielded a huge trigonal unit cell  
(Laue class 3̅) with the lattice parameters a = 39.477(1) Å, c = 5.5974(2) Å, V = 7554.6(5) Å
3
. 
Structure solution was possible using a charge-flipping algorithm within Superflip [197], 
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which produced a model in the centrosymmetric space group P3̅. After several cycles of least 
squares refinement and difference Fourier mapping, all atomic positions were found. All 
metal atoms could be refined anisotropically, whereas only isotropic refinement of the 
displacement parameters was possible for nitrogen atoms. A considerable residual electron 
density of 2.76 e/Å
3
 was observed in the vicinity of the unit cell corners. An enhancement of 
residual peaks in special positions is a known artefact in X-ray crystallography [259]; 
however, judging from the fact that the displacement parameters of the atoms around this 
position were strongly enhanced in comparison with those of the atoms in the remaining part 
of the structure, an unresolved disorder was suspected to be responsible for this feature. A 
possible model for this disorder is discussed below. 
Ca133[Mn216N260] represents another layered nitridomanganate, structurally similar to 
Ca12[Mn19N23] and Sr25[Mn42N50] (see chapters 6.1 and 6.3, correspondingly). The Ca atoms 
form slightly distorted hexagonal nets stacked in-between the [Mn216N260]
266–
 layers. 
Similarly to Ca12[Mn19N23], most Ca atoms in Ca133[Mn216N260] are octahedrally coordinated 
by N ligands, with Ca21 Ca22 and Ca23 being five-fold coordinated. These three Ca atoms 
together with Mn1 form an empty tetrahedral void – a structural peculiarity which was 
already observed for Ca12[Mn19N23]. 
 
 






Figure 57. Crystal structures of Ca12[Mn19N23] (upper image) and Ca133[Mn216N260] (lower 
image) drawn along the [001] direction. Ca, Mn and N are shown in green, red, and blue, 
respectively. The black hexagons denote similar building blocks. 
 
The differences between the two structures originate mainly from the organization of 
the nitridomanganate layers. Fig. 57 shows the structures of Ca12[Mn19N23] (upper image) and 
Ca133[Mn216N260] (lower image) drawn on the same scale. Hexagonal building blocks drawn 
around the Mn1 atoms in Ca12[Mn19N23] can be regarded as repeating units of this structure. 
Similar building blocks can be found in Ca133[Mn216N260]; however, in this case, they do not 
pave the whole nitridomanganate layer, since a slight increase of the Mn content in 
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comparison with Ca12[Mn19N23] calls for a denser arrangement of Mn atoms, and hence for a 
higher fraction of [MnNx] (x = 3–4) polyhedra demonstrating edge-sharing connections. As a 
result, only 6 out of 216 Mn atoms display a similar bonding situation as Mn1 in 
Ca12[Mn19N23]. These atoms occupy the general position 6g (in the centers of the hexagons). 
The shape of the corresponding [Mn1N3] coordination polyhedron, although not being 
symmetrically restricted, represents an almost perfect trigonal pyramid. Similarly to 
Ca12[Mn19N23], all the other Mn atoms form a continuous 2D network with numerous metal-
metal bonds. 
In contrast to its Mn-poorer analogue, Ca133[Mn216N260] demonstrates vacancies in the 
nitridomanganate layer (Fig. 57, lower image, in the corners of the unit cell). Each vacancy is 
surrounded by six nitrogen atoms forming an octahedron with a distance of 2.66(1) Å to its 
center. If these positions are treated as empty, a significant residual electron density of  
2.76 e/Å
3
 is found close to the unit cell corners in the 2c positions (0, 0, 0.066). In addition, a 
considerable increase of the displacement parameters of the atoms around these vacancies is 
observed. Placing a nitrogen atom in this site would produce a senseless coordination 
environment of the surrounding metal atoms and somewhat too long Mn–N distances. It 
seems more likely that a metal atom (Ca or Mn) could occupy this site. A rather short distance 
of about 2.40 Å between the vacancy and the neighboring Ca atom would call for a deficiency 
in the Ca layer. Moreover, the maximal residual density centered in a 2c position may indicate 
a split atomic site. The presence of additional residual electron density peaks at a distance of 
1.70(10) Å from this site points towards a split Mn atom residing in the discussed location, 
since this distance falls in a typical range for Mn–N bond lengths. Refinement of the 
disordered model flattened out the residual electron density and improved convergence, 
though only slightly lowering the R factors. Within this model, the vacancy was refined to be 
90 % empty, with Ca atoms located above and below. When the vacancy is occupied by a Mn 
atom, the closest Ca position appears to be unoccupied. A partially filled Mn site is three fold 
coordinated by N atoms, forming a trigonal pyramid pointing “upwards” (5 %) or 
“downwards” (5 %) (Fig. 58). The distance between the split Mn atoms was found to be 
0.79(9) Å. Such a disorder leads to the composition Ca132.9[Mn216.1N260]. Due to a poor quality 
of the crystal, it is not possible to judge whether the proposed disordered model is completely 
valid. Since the occupancy of the site under consideration was found to be 10 %, only a minor 
impact of these defects on the properties discussed below can be expected. A local probe 
method, e.g., transmission electron microscopy, can be a better tool for clarification of this 
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disorder. For the sake of simplicity, the discussion of Ca133[Mn216N260] will be continued 
referring to the idealized ordered model, i.e., with empty octahedral voids. 
A slightly higher manganese content in Ca133[Mn216N260] in comparison with 
Ca12[Mn19N23] naturally results in a higher density of Mn atoms within the layer. The value 
for Ca12[Mn19N23] is 0.157 Mn atoms/Å
2
, while for Ca133[Mn216N260] it is 0.160 Mn atoms/Å
2
 
with the layers being essentially of the same thickness. The average oxidation state of Mn is  
≈ 2.38 and is therefore almost undistinguishable from that in Ca12[Mn19N23]. Since no clear 
charge separation could be deduced from the crystallographic data, each manganese position 
can be considered to be occupied by 62% Mn
2+





Figure 58. Disordered part of the Ca133[Mn216N260] crystal structure. 
 
5.2.3. Electrical properties 
 
The general features of the electrical resistivity temperature dependence observed for 
Ca12[Mn19N23] are also present in the case of Ca133[Mn216N260] (Fig. 59). This phase can be 
described as an extrinsic semiconductor. Up to 15 K, the conductivity is mainly due to the 
dopant-introduced charge carriers. A saturation region between 15 K and 60 K is 
characterized by a slight resistivity decrease, most likely due to a competition between the 
growing intrinsic contribution and the vanishing extrinsic one. Above 60 K, a fully intrinsic 
behavior can be observed with a small calculated bandgap of 4.1(6) meV, which is 
comparable to the value found for Ca12[Mn19N23]. The AFM transition (see below) at 62 K is 





Figure 59. Temperature dependence of electrical resistivity for Ca133[Mn216N260]. Upper inset: 
dρ/dT(T) plot showing a transition at 62 K. Lower inset: ln(ρ/ρ295) vs. 1/T plot (circles) with a 
linear fit (red line). 
 
5.2.4. Magnetic properties 
 
A weak ferr(o/i)magnetic contribution was taken into account by a Honda-Owen correction. 
The temperature evolution of the Ca133[Mn216N260] magnetic susceptibility resembles that of 
Ca12[Mn19N23] (Fig. 60). A Curie-Weiss behavior is observed at high temperatures, whereas at 
62 K, an antiferromagnetic transition occurs. A fit of the high-temperature data with a 
modified Curie-Weiss expression yields the effective magnetic moment µeff = 6.63(6) µB/f.u. 
If one assumes that the localized magnetism is induced only by the Mn1 atoms (cf. 
Ca12[Mn19N23]) and takes the same magnitude of the g-value as was found for the Mn-poorer 










 + 1)  + 0.38 · 1(1 + 1)µ
B





or for 6 atoms (since there are 6 Mn1 atoms per formula unit Ca133[Mn216N260]): 
µ
eff
 = √6 · 2.71µ
B
 = 6.64 µ
B
, in perfect agreement with the fitted value. 
 
 
Figure 60. Temperature dependence of Honda-Owen corrected magnetic susceptibility for 
Ca133[Mn216N260]. Red line: fit with a modified Curie-Weiss expression. 
 
If the voids in the Ca133[Mn216N260] crystal structure are partially filled with Mn, these 
atoms can also carry some localized magnetic moments if they do not participate in the  
Mn–Mn bonding. However, since the occupation of these voids was found to be almost 
negligible, the contribution of these atoms, if any, to the magnetism is expected to be 
comparable with the uncertainty of the magnetic moment determination. 
Ca133[Mn216N260] represents therefore another example of a complex nitride where 
localization of magnetic moments is attained only within a small fraction of potentially 









Sr25[Mn42N50] was initially obtained as the major phase in a sample prepared from Sr2N and 
Mn with the ratio Sr : Mn = 1 : 2 at 1123 K under flowing N2. All attempts to grow single 
crystals of this phase failed. Electron microprobe analysis of a pressed pellet with the 
composition “SrMn2N2” (as estimated by chemical analysis) showed that the main phase had 
a composition of SrMn1.63(4)N1.6(2). In addition, EDX mapping indicated the presence of binary 
Mn nitrides and regions enriched with Sr and O, likely in the form of Sr(OH)2, the latter one 
being the expected product of hydrolysis in air (Fig. 61). 
 
 
Figure 61. EDX mapping of a powder sample with the composition “SrMn2N2”. Sr-rich (pink) 
and Mn-rich (green) regions correspond to Sr(OH)2 and binary Mn nitrides, respectively. The 
composition of the main phase is SrMn1.63(4)N1.6(2). 
 
Synchrotron powder X-ray data recorded for this sample were used for structure 
solution and refinement. After the correct composition had been established, the preparation 
of a single-phase sample was possible. For these purposes, a mixture of Sr2N and Mn in the 
ratio Sr : Mn = 25.25 : 42 (a slight Sr excess was used to compensate for evaporation) was 
pelletized and annealed at 1223 K for 48 h with several intermediate regrindings. For 
magnetic property measurements, the as-prepared sample was additionally kept under  
≈ 30 bars of N2 (generated by decomposition of NaN3) in a weld-shut Ta ampoule at 1123 K 
for 24 h, since such a treatment was found to reduce trace amounts of the ferrimagnetic 
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Mn4N, quite likely due to the transformation of this binary nitride to the nitrogen-richer 
antiferromagnetic Mn2N. 
 
5.3.2. Crystal structure 
 
Analysis of the synchrotron powder diffraction data (Fig. 62) revealed that the structure of the 
main phase belongs to the hexagonal or trigonal crystal system with the lattice parameters  
a = 17.9754(6) Å, c = 5.7935(2) Å, V = 1621.17(9) Å
3
. Besides the main phase, the sample 
contained small amounts of Mn2N (≈ 5 mass %), which is consistent with a higher overall Mn 
content (Mn/Sr = 2) in the specimen in comparison with the actual composition of the title 
phase (Mn/Sr = 1.68). 
 
 
Figure 62. Rietveld refinement of a Sr25[Mn42N50] sample from synchrotron powder X-ray 
data with experimental points shown in black, calculated intensity after Rietveld refinement in 
red, and difference curve in blue (λ = 0.40003 Å). Tick marks correspond to the calculated 
Bragg peak positions of (from top to bottom) Sr25[Mn42N50] and Mn2N. 
 
Since no reasonable structural model could be obtained using reciprocal space or dual 
space methods, crystal structure solution was performed with the program FOX in the P3 
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space group as was previously done in the case of Ca12[Mn19N23] (chapter 5.1). Sr, Mn, and N 
atoms were used as building blocks, and reasonable anti-bump distances were employed to 
construct an additional cost function (3.2 Å for Sr–Sr, 3.0 Å for Sr–Mn, 2.4 Å for Sr–N, 2.2 Å 
for Mn–Mn, 1.65 Å for Mn–N and 2.4 Å for N–N). Dynamic occupancy correction was used 
to properly treat excess atoms and atoms on special positions. Global optimization was 
performed in the parallel tempering mode. The most favorable model was reproducibly found 
in several optimization runs and was eventually used for the Rietveld refinement. In contrast 
to the case of Ca12[Mn19N23], the as-obtained model showed a strong indication of 
centrosymmetry. Analysis of this model by the ADDSYM [260] and FINDSYM [211] 
programs pointed towards the space group P3̅. 
Rietveld refinement was performed for both the centro- and non-centrosymmetric 
space groups. Despite a higher number of observables in the synchrotron data in comparison 
with laboratory powder diffraction data, soft distance restraints had to be applied to get a 
stable refinement, probably due to the large unit cell volume and a relatively low space group 
symmetry. For a cross-check, the same procedure was repeated starting from the initial 
models where all nitrogen atoms had been manually removed. Subsequent Fourier mapping 
localized all nitrogen positions and led to the same structures as in the first refinements. 
Comparison of the two refined structures in P3 and P3̅ did not indicate any significant 
differences. Neither the profile fit nor the residual electron density were considerably 
improved by choosing the lower symmetry. In addition, noteworthy similarities between 
Sr25[Mn42N50] and Ca133[Mn216N260] (chapter 5.2), which will be discussed below, indicate 
that both structures are likely to possess the same space group symmetry. Therefore, P3̅ was 
chosen as the correct space group.  
The layered crystal structure of Sr25[Mn42N50] (Fig. 63) bears similarities with those of 
Ca12[Mn19N23] and Ca133[Mn216N260]. In Sr25[Mn42N50], distorted hexagonal layers of Sr
2+
 
ions alternate with the [Mn42N50]
50–
 nitridomanganate layers. The latter ones are composed of 
[MnN3] trigonal pyramids (the largest deviation from planarity is 0.175(4) Å) and [MnN4] 
distorted tetrahedra. The [MnNx] polyhedra join together by edge- and corner-sharing. Each 
[MnNx] unit has at least one edge-sharing connection to another polyhedron, which results in 
close Mn–Mn contacts around all Mn positions. In contrast to Ca12[Mn19N23] and 
Ca133[Mn216N260], the structure of the title phase does not accommodate any isolated (in terms 
of metal-metal interactions) Mn atoms. In the context of magnetic properties, this may mean 
that no localization of the magnetic moment as it was realized for the Ca phases can be 




Figure 63. Crystal structures of Sr25[Mn42N50] (upper image) and Ca133[Mn216N260] (lower 
image) drawn along the [001] direction. AE, Mn and N are shown in green, red, and blue, 
respectively. Blue and black hexagons correspond to the structural fragments of the 
Sr25[Mn42N50] and Ca12[Mn19N23] types, respectively. 
 
All nitrogen atoms are six-fold coordinated forming (NMn3Sr3) octahedra and linking 
thereby the Sr and Mn layers. 
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Each of the five symmetrically independent Sr atoms is octahedrally coordinated by N 
with the Sr–N distances ranging from 2.51(2) Å to 2.93(2) Å. 
Similarly to Ca133[Mn216N260], large voids are present in the nitridomanganate layers, 
but only a very low residual electron density (< 1.5 e/Å
3
) could be found inside these cavities, 
suggesting that no significant occupation of these positions is realized. 
The nitridomanganate substructure of Sr25[Mn42N50] can be represented as consisting 
of repeating [Mn42N50] units (Fig. 63) centered around the above-mentioned voids. 
Interestingly, a similar structural fragment is also present in the nitridomanganate layers of 
Ca133[Mn216N260], making them a composition of building blocks found in Ca12[Mn19N23] and 
in the title phase, along with additional [MnNx] polyhedra filling up the gaps in the 
nitridomanganate pavement: [Mn216N260]
266–








The average oxidation state of Mn in Sr25[Mn42N50] is +2.38, which is the same value 
observed for the layered nitridomanganates discussed in the previous sections. The Mn–N 
distances range from 1.84(2) Å to 2.01(1) Å and from 1.92(2) Å to 2.25(1) Å for trigonally 
and tetrahedrally coordinated Mn, respectively. No signs of charge ordering are evident for 
this phase, as for the calcium nitridomanganates. 
 
5.3.3. Electrical properties 
 
Sr25[Mn42N50] was found to demonstrate semiconducting behavior (Fig. 64), similarly to other 
layered nitridomanganates. Above ≈ 310 K, an upturn of resistivity with increasing 
temperature is observed. This effect can be related to thermal population of the conduction 
band leading to a metal-like behavior, or to some extrinsic contribution. Estimation of the 
bandgap below this upturn gives an Eg magnitude of about 5 meV, which is close to the 
values found for the layered calcium nitridomanganates. The ρ(T) curve demonstrates a 
change of the slope at around 100 K, reflecting the magnetic transition visible in the 
magnetization data. This effect, as will be discussed below, is caused most likely by a 
magnetic impurity. In addition, an extrapolation of the Arrhenius-type behavior using the 
determined Eg to temperatures below 100 K indicates that the low temperature data are 






Figure 64. Temperature dependence of electrical resistivity for Sr25[Mn42N50]. Red line: 
Arrhenius-type fit with an extrapolation to low temperatures. Inset: high-temperature region 
with an upturn of ρ(T). 
 
5.3.4. Magnetic properties 
 
Temperature dependence of magnetic susceptibility is shown in Fig. 65. A rapid upturn of 
χ(T) below 100 K is observed at all fields, indicating a possible ferromagnetic transition. A 
similar transition at this temperature was reported in Sr3[MnN3] [161] and was also detected 
in the Sr6[MnN3]2O sample containing small amounts of Sr3[MnN3] (see chapter 3.4). It can 
be assumed that the observed transition in Sr25[Mn42N50] is also due to traces of Sr3[MnN3] or 
some other unidentified impurity. The assumption that this transition is of extrinsic nature can 
be corroborated by an extremely small magnetic moment of ≈ 4 ∙ 10
–3
 μB per Mn atom, as can 
be estimated from the saturation magnetization value. 
The behavior of the sample in the high-temperature region is of the Curie-Weiss type. 
Fitting of the Honda-Owen corrected data above 100 K yields an effective magnetic moment 
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of 0.63(1) μB per f.u. Such a low value indicates that the localized magnetism in this 
compound presumably stems from small amounts of paramagnetic impurities (possibly, 
intrinsic defects) or from a minor occupation of the voids in the nitridomanganate layers by 
Mn atoms carrying localized magnetic moments. Therefore, Sr25[Mn42N50] can be described 
as an intrinsically non-magnetic or weakly magnetic nitridomanganate, in accordance with its 
crystal structure. In this case again, the quenching of magnetic moments is attained due to the 
Mn–Mn bond formation. 
 
 
Figure 65. Temperature dependence of magnetic susceptibility for Sr25[Mn42N50] under 
different fields. Inset: Honda-Owen corrected χ(T) curve (dots) fitted with a modified Curie-











Single crystals of the novel phase Sr6[Mn20N20]N were initially observed in one of the 
Sr25[Mn42N50] (chapter 5.3) growth attempts. Sr2N and Mn metal were mixed in a 1 : 4 ratio 
and sealed inside a Ta ampoule with NaN3 and Na metal added. The final metal ratio was  
Sr : Mn : Na = 1 : 2 : 18. The ampoule was heated up to 1123 K, kept at this temperature for  
96 h and cooled down to room temperature at a rate of 10 K/h. The estimated nitrogen 
pressure at the maximum temperature was about 30 bars. Sodium was removed after the 
reaction by vacuum evaporation at 573 K for 10 h. Gray irregular single crystals with metallic 
luster were found in the mixture, which consisted primarily of microcrystalline Sr25[Mn42N50]. 
Single-phase powder samples have not been prepared so far. Small amounts of Sr[Mn4N4] 
(chapter 6.3) are typically observed in the powder specimens of Sr6[Mn20N20]N. It is 
worthwhile to note that the title phase could only be produced under elevated nitrogen 
pressure. Annealing of Sr6[Mn20N20]N samples under 1 bar of N2 at temperatures as low as 
1023 K led to complete decomposition with the formation of Sr25[Mn42N50] and Mn2N. 
 
6.1.2. Crystal structure 
 
The structure was solved by direct methods in the Fm3̅m (#225) space group. Nitrogen atoms 
were localized by a subsequent difference Fourier-mapping. All metal atoms were refined 
anisotropically. Anisotropic refinement of N atoms was not possible, most probably due to an 
improper absorption correction related to the irregular shape of the obtained crystals and 
significant anomalous scattering of Sr at the MoKα wavelength. 
Sr6[Mn20N20]N is the first example of a nitridometalate with a three-dimensional 
nitridomanganate framework (Fig. 66, left image). The structure of this phase is closely 
related to that of La3[Cr9.236N11] [174]. The metal substructure of Sr6[Mn20N20]N can be 
visualized as consisting of three kinds of polyhedra (Fig. 66, right image): Sr6 octahedra 
(blue) and Mn8 cubes (red) form an fcc-lattice resembling a rocksalt-type motif. Mn6 
octahedra (red) fill in turn all tetrahedral voids in this lattice, so that the arrangement of the 




Figure 66. Left: crystal structure of Sr6[Mn20N20]N. Sr, Mn and N atoms are shown in green, 
red, and blue, respectively. Right: schematic representation of the metal substructure. Sr and 
Mn polyhedra are shown in blue and red, respectively. 
 
The Sr6 octahedra accommodate nitrogen atoms to form regular isolated (Sr6N)
9+ 
units 
with a Sr–N distance of 2.519(3) Å. Similar isolated building blocks are found in some other 
nitrides containing alkaline-earth metals, e.g., (Ba6N)
9+
 in Na16Ba6N [262] or (AE6N)
9+ 
in 
(AE6N)[Ga5] (AE = Sr, Ba) [263]. In addition, many nitrides feature bound (AE6N) octahedra 









in Ca6[MN3]N2 (M = Ga, Mn, Fe) [43, 160]. A formation of (AE6N) units is believed to be 
responsible for the increase of nitrogen solubility in liquid sodium in the presence of Sr or Ba 
[190], which makes Na a potential flux for the nitride crystal growth. However, it is known 
that most transition metals have a low solubility in pure Na, and normally, other fluxes have 
to be employed in order to grow TM-bearing nitrides [13, 14]. The accidental formation of 
Sr6[Mn20N20]N single crystals in an experiment aimed at the synthesis of a different 
compound may be related to the presence of (Sr6N) units in its crystal structure, which 
facilitates crystallization from liquid Na. Although partial occupation of the nitrogen position 
in a (AE6N) octahedron was reported in, e.g., (Ba6N5/6)2[NbN4](CN2)6 [265], no indications of 
nitrogen deficiency in the corresponding octahedra of Sr6[Mn20N20]N were evident. 
Besides the N1 atom in the (Sr6N) octahedron, two other N positions in the structure 
are also six-fold coordinated forming distorted (N2Sr2Mn4) and (N3Sr3Mn3) octahedra  
(Fig. 67). The coordination environment of the Sr atom represents a monocapped square 
antiprism [Sr1N9] (Fig. 67). 
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Mn atoms within the Mn6 octahedra are four-fold coordinated by nitrogen atoms 
forming corner-sharing [MnN4] tetrahedra with the Mn–N distances being 2  1.98(1) Å and  
2  2.000(8) Å. The tetrahedra from the adjacent Mn6 octahedra are joined together by edge-
sharing (Fig. 67, lower left image). 
 
 
Figure 67. Coordination of Sr, N, and Mn atoms atoms in Sr6[Mn20N20]N. Bond lengths and 




In contrast to La3[Cr9.236N11], in which all transition metal atoms are tetrahedrally 
coordinated by nitrogen ligands, Mn atoms in the Mn8 cubes in Sr6[Mn20N20]N have only 
three N atoms in the coordination environment, forming almost planar trigonal [MnN3] units 
(the pyramid height is 0.283(2) Å) with Mn–N distances of 3  1.821(9) Å (Fig. 67). These 
trigonal [MnN3] units link to each other and to the adjacent [MnN4] tetrahedra by vertex-
sharing. The centers of the Mn8 cubes remain unoccupied. In addition, no Mn deficiency in 
these cubes was observed adding up to the differences between the title compound and the 
mentioned nitridochromate. The latter phase demonstrates Cr occupancy of about 80 % in the 
otherwise similar Cr8 cubes. Different synthetic attempts to vary the Mn and/or N content in 
Sr6[Mn20N20]N were not successful, indicating that this phase is a line compound. 
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Taking into account the mode of the [MnNx] interconnections, the composition of the 
title phase can be rewritten as (Sr6N)[MnN2/3N2/4]12[MnN3/4]8. An assignment of oxidation 
states in this notation is omitted, since this mixed-valent compound with an average Mn 
oxidation state of 2.55 shows no charge-separation. 
The complex 3D Mn framework with closely located transition metal atoms favors the 
emergence of numerous Mn–Mn interactions. In addition, structural peculiarities of the Mn 
substructure must have a direct impact on the magnetic properties. A representation of the Mn 
framework is given in Fig. 68. As was mentioned above, the metal substructure of 
Sr6[Mn20N20]N contains Mn6 octahedra and Mn8 cubes. The octahedra are interconnected by 
single Mn–Mn bridges, whereas the connection between a cube and an octahedron is realized 
through Mn–Mn contacts between a cube corner and three Mn atoms of an octahedron face. 
The latter kind of linking produces Mn4 tetrahedra. The Mn6 octahedra are regular, since their 
shape is symmetrically restricted. This implies a geometric frustration if AFM exchange 
interactions are present. The Mn4 tetrahedra are slightly elongated in the direction pointing to 
the Mn8 cubes, thereby lifting the frustration within these units. It is worthwhile to stress that 
the Mn atoms are coordinated by nitrogen ligands in such a way that all described polyhedra 
(Mn6, Mn4 and Mn8) remain unoccupied by N. 
 
Figure 68. Left: Mn framework in Sr6[Mn20N21]. Distances are given in Å. Middle: Pd 
framework in Er3Pd8S4 (ordered Ir4Sc11 type). Right: Co framework in Co9S8. 
 
The four-capped Mn octahedra can be regarded as Mn10 supertetrahedra. The 
described Mn substructure can be then alternatively understood in terms of interconnected 
cubic Mn8 and supertetrahedral Mn10 clusters. This approach to the structural description 
creates a bridge between TM-rich nitridometalates and intermetallic compounds. Similar 
cluster structures are frequently observed in metal-rich systems. For instance, in ordered 
variants of Mn23Th6 and Ir4Sc11 types, TM8 cubes are interconnected via TM8 polyhedra (four-
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capped tetrahedra – stella quadrangula) [266, 267]. A simpler atomic arrangement is 
observed in Co9S8, where Co8 cubes are linked via regular Co4 tetrahedra [268]. 
 
6.1.3. Electronic structure 
 
The frustrated nature of AFM interactions within a perfect octahedron precludes the 
realization of a collinear AFM order for six atoms in its corners. However, the mode of 
bridging between the octahedra in the structure of Sr6[Mn20N20]N makes it possible to achieve 
a collinear antiferromagnetic order if the Mn atoms couple ferromagnetically within a single 
octahedron and antiferromagnetically in two adjacent octahedra. The magnetic arrangement of 
vertex manganese atoms within the Mn8 cube can be of either FM or AFM type, and the 
coupling between the corners of the cube and the Mn atoms on the octahedron faces can be 
also FM or AFM. This results in four possible collinear magnetic arrangements. Besides the 
purely ferromagnetic one, there are two AFM structures having different couplings between 
the octahedra and the cubes, and one ferrimagnetic structure, which can be realized if the 
coupling between the adjacent octahedra is of FM type, whereas the moments of the Mn 




Figure 69. Possible collinear magnetic arrangements in the Mn substructure of 
Sr6[Mn20N20]N. Only two supertetrahedra per cube are shown for clarity. 
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The relative stability of these structure were checked by total energy calculations 
within the LSDA and LSDA+U (U = 2 eV, 4 eV) approaches. The calculation within the 
LSDA scheme showed that AFM1 is the most stable magnetic arrangement. The same 
structure was also found to be the most energetically favored for the LSDA+U calculation 
with U = 2 eV. By increasing the U magnitude up to 4 eV, the calculations yielded AFM2 as 




Figure 70. LSDA electronic density of states for Sr6[Mn20N20]N (AFM1)  in the vicinity of the 
Fermi level. 
 
The electronic density of states for AFM1 structure calculated within the “pure” 
LSDA scheme is given in Fig. 70. Since the DOS shows a large number of peak-like features 
in a wide energy window, only the states in the close vicinity of the Fermi level are shown for 
clarity. The DOS near EF is mainly composed of Mn(3d) and N(2p) states. In the energy range 
–0.4 eV < E – EF < 0.5 eV, several pseudo-gaps are present. The latter feature should make 
the properties of Sr6[Mn20N20]N extremely sensitive to the change of the d-electron count 








In early synthetic attempts aimed at the synthesis of a Ba-isotype of Sr6[Mn20N20]N (chapter 
6.1), the presence of a cubic phase was revealed. However, in contrast to Sr6[Mn20N20]N, a 
considerable variation of the lattice parameter depending on the synthetic conditions was 
observed. Single-phase powder samples of the compound with the composition Ba6Mn20N20.6 
were obtained by annealing pressed pellets of Ba2N and Mn in the ratio 1.515 : 10, 
respectively, in weld-shut Ta ampoules under about 30 bars of N2 at 1123 K for 250–300 h 
with several intermediate regrindings. NaN3 served as a N2 source. Na was removed by 
vacuum evaporation at 573 K for 1 h. This led to a remaining Na content of 1.32(3) mass % 
as was determined by chemical analysis. This sample was used for magnetic measurements, 
since sodium metal is intrinsically diamagnetic and has a negligible effect on the magnetic 
properties of the sample under study. For resistivity measurements, the sample was kept under 
dynamic vacuum for additional 10 h under otherwise identical conditions. The composition of 
the resulting sample in comparison with the refined composition (see below) was (in mass %): 
Ba 37.4(2)/37.26, Mn 49.4(3)/49.69, N 11.9(2)/13.05. No sodium was detected; however, a 
small amount of Ta from the crucible (0.12(1) %) and some oxygen contamination (0.38(6) 
mass %) were found. H and C were not present above the detection limits (0.02 % H, 0.3 % 
C). 
For the preparation of a nitrogen-richer composition, Ba6Mn20N21.5  
(a = 13.3466(5) Å), a Ba6Mn20N20.6 (a = 13.3032(1) Å) sample prepared as described above 
was mixed with Na metal in the molar ratio 1 : 95 and enclosed in a welded Ta crucible with 
the amount of NaN3 corresponding to ≈ 30 bars of N2 at 1123 K. The sample was annealed at 
this temperature for 48 h, followed by natural cooling in the shut-off furnace. Sodium was 
removed by vacuum evaporation during 10 h at 573 K. 
In general, cooling rate was found to have a minor impact on the composition of the 
final sample. Higher nitrogen pressures and lower annealing temperatures typically led to 
nitrogen-richer compounds. The addition of sodium metal, employed for the preparation of 
Ba6Mn20N21.5, seems to enhance the reactivity of N2 due to solubility of molecular nitrogen in 
liquid sodium in the presence of alkaline-earth metals. This provided a simple preparation 
route for a nitrogen-richer composition under the same p–T conditions as used for 
Ba6Mn20N20.6. This possibly indicates that Ba6Mn20N20.6 is not in equilibrium with the gaseous 
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nitrogen under the synthetic conditions. Single crystals of Ba6Mn20N21.5 were grown from 
liquid sodium by annealing a pressed pellet of Ba2N and Mn in the ratio Ba : Mn : Na = 3 :10 
: 30 (sodium metal was placed on top of the pellet) at 1123 K under ≈ 30 bars of N2 (NaN3) 
for 144 h, followed by slow cooling at a rate of 10 K/h down to room temperature. After Na 
evaporation, small cubic crystals of Ba6Mn20N21.5 could be found in an almost phase-pure 
sample of the same compound. For the reasons mentioned above, nitrogen-poorer 
compositions cannot be grown from Na. 
The cubic AE6Mn20N21.5– barium compounds seem to be more stable than their Sr 
analogue, since the former ones could be prepared in high yield even under flowing nitrogen 
(1 bar) at 1023 K. The refined lattice parameter of the sample prepared under these conditions 
was a = 13.3302(4) Å, which lies between the values found for Ba6Mn20N20.6 and 
Ba6Mn20N21.5. 
The origin of the compositional difference between the Ba and Sr phases is discussed 
in the next section. 
 
6.2.2. Crystal structure 
 
Structure solution from the single-crystal data for Ba6Mn20N21.5 yielded at the beginning the 
same atomic arrangement as had been previously found for Sr6[Mn20N20]N. However, 
significant residual electron density was detected around the Mn atoms in the Mn8 cubes and 
in the centers of these cubes (Fig. 71). 
 
 
Figure 71. A part of the initial “Ba6[Mn20N20]N” structural model displaying the cubic void 
around (½, ½, ½). Mn and N atoms are shown in red and blue, respectively. Yellow isosurface 





To account for these effects, a nitrogen atom (N4) was introduced in the center of the 
cube, and the Mn positions in the cube corners were split. All occupancies were allowed to 
vary freely, whereas the isotropic displacement parameters were restrained within each 
chemical type. This led to a 50 % occupancy for all positions in the disordered part and 
produced two kinds of coordination environments for the Mn atoms in the cubes (Fig. 72). 
When the cubic void is empty, an almost perfectly planar trigonal coordination of Mn atoms 
is observed (Mn height above the N plane is 0.103(3) Å). When the central position is 
occupied by a nitrogen atom, the Mn atoms from the cube corners get pulled towards the cube 
center to adopt an almost perfect tetrahedral coordination (∠NMnN = 3  110.9(1)o,  
3  108.0(1)
o
). The refinement was then completed with anisotropic displacement parameters 
for all atoms and with proper occupation restraints. Displacement parameters for N1 (special 
position 4a in the centers of the (Ba6N) octahedra) and N4 (special position 4b in the centers 




Figure 72. Two types of Mn coordination around the (½, ½, ½) position in Ba6[Mn20N20.5]N. 




Cubic coordination of N atoms can be found in many Li-containing nitrides regarded 
as antifluorite-type derivatives, e.g., Li3[MN2] (M = Al, Ga, Fe) [35, 269], Li7[TMN4] (TM = 
V, Nb, Ta, Mn) [10, 31–34]. Obviously, similar coordination is also observed in 
La3[Cr9.236N11] ((NCr8) cubes), which is structurally related to the cubic nitridomanganates 
discussed in this chapter. 
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When the cubic void in Ba6Mn20N21.5 is occupied, the resulting [MnN4] tetrahedra 
share common edges. The refined structure implies that the formula of Ba6Mn20N21.5 can be 
written as (Ba6N)[MnN2/3N2/4]12[MnN3/4]4[MnN3/4N1/8]4. 
 
 
Figure 73. Rietveld refinement of Ba6Mn20N21.5 (upper image) and Ba6Mn20N20.6 (lower 
image). Experimental points are shown in black, calculated intensity after Rietveld refinement 




Rietveld refinement based on the powder pattern of Ba6Mn20N21.5 (Fig. 73, upper 
image) yielded the same structure as the one determined from single-crystal data, thereby 
confirming the representativity of the crystal. However, a Rietveld refinement of the nitrogen-
poorer composition, Ba6Mn20N20.6 (Fig. 73, lower image), indicated that the nitrogen 
deficiency is not related to a different occupancy of the cubic void, but to a partial nitrogen 
occupation in the (Ba6N) octahedra. Unconstrained refinement of the N occupation factor in 
the centers of the Mn8 cubes led to the same occupancy as was found for Ba6Mn20N21.5, i.e., 
50 %, within three standard deviations. However, a considerable negative residual electron 
density peak was found in the positions of nitrogen atoms located in the centers of the Ba6 
octahedra. Occupancy refinement of this position yielded an occupation factor of 10 %. A 
partially occupied nitrogen position in (Ba6N) octahedra was reported in 
(Ba6N5/6)2[NbN4](CN2)6 [265] and in (Ba3Nx)M (M = Sn, Pb) [270]; however, in these 
compounds, the nitrogen deficiency does not exceed 40 %. Depletion of nitrogen in the 




, and in 
a slightly longer Ba–N distance – 2.648(1) Å in comparison with 2.613(1) Å in Ba6Mn20N21.5. 
Despite this, the lattice parameter of Ba6Mn20N20.6 (a = 13.3032(1) Å) appears to be smaller 
than that of Ba6Mn20N21.5 (a = 13.3466(5) Å) due to a denser Mn framework in the former 
case. In the light of the structural data, the two compositions can be labelled as 
Ba6[Mn20N20.5]N0.1 and Ba6[Mn20N20.5]N, respectively. 
The noteworthy fact that the N position in the centers of the Mn8 cubes is always half-
occupied, regardless of the sample composition, can be explained by the configurational 
entropy reaching its maximum for an occupation level of 50 %. This entropy term can be 
responsible for the relatively higher stability of the Ba phase in comparison with the Sr one. 
 
6.2.3. Electrical properties 
 
Variation of the nitrogen content in Ba6[Mn20N20.5]Nx had a significant impact on the physical 
properties of these compounds. 
The nitrogen-poorer phase, Ba6[Mn20N20.5]N0.1, was found to display metallic behavior 
in the whole temperature range, though this behavior is not monotonous (Fig. 74). The ρ(T) 
curve experiences three slope changes at 25, 150 and 250 K. Moreover, in the temperature 
region 150–250 K, a slight increase of resistivity with decreasing temperature was observed. 
Although such behavior can be associated with a metal-insulator transition, it is likely that the 
short range magnetic interactions revealed in the magnetization data (see below) are 
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responsible for the emergence of additional scattering mechanisms in this temperature region 
and hence for the increase of resistivity. This also explains the slope changes at the borders of 
the discussed temperature range. 
A kink of the ρ(T) curve at T = 25 K is associated with the long-range magnetic 
ordering discussed in the next section.  
 
Figure 74. Temperature dependence of electrical resistivity for Ba6[Mn20N20.5]N0.1. 
 
In contrast, Ba6[Mn20N20.5]N displays an activated conductivity in the temperature 
range 3–275 K, whereas at higher temperatures, a metallic behavior is observed (Fig. 75). The 
corresponding metal-insulator transition appears to be rather broad. In addition, a plateau in 
the ρ(T) dependence around 200 K points towards an extrinsic character of activated 
conductivity at lower temperatures. The intrinsic region is estimated to be located in a narrow 
range between 200 and 275 K, which precludes a reliable determination of the bandgap in the 
semiconducting regime. However, it can be roughly estimated to be about 2 meV. 
Recalling the complex electronic structure of Sr6[Mn20N20.5]N (see chapter 6.1.3), 
possessing numerous pseudo-gaps, it can be speculated that a change of the d-electron count 
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in these materials is responsible for the cross-over from the metallic to the semiconducting 
ground state. The more complex disordered crystal structure of Ba6[Mn20N20.5]Nx calls for a 
detailed theoretical investigation. 
For both samples, the derivative of the electrical resistivity with respect to the 
temperature appears to be too noisy to demonstrate any additional phase transitions. 
 
Figure 75. Temperature dependence of electrical resistivity for Ba6[Mn20N20.5]N. 
 
6.2.4. Magnetic properties 
 
Temperature dependence of magnetic susceptibility for the Ba6[Mn20N20.5]N0.1 sample was 
found to be almost independent of the external field, indicating no significant 
ferr(o/i)magnetic contribution (Fig. 76). This fact may be related to the high nitrogen pressure 
at which this sample had been prepared. The binary ferrimagnetic manganese nitride Mn4N is 
believed to produce an extrinsic field-dependent signal in other nitrides presented in this 
work. Under high nitrogen pressure, it may get converted to the antiferromagnetic Mn2N, 
which has a negligible impact on the overall magnetic response of the sample. The short 
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vacuum annealing employed to remove residual Na metal does not seem to induce 
considerable decomposition of Mn2N. 
Ba6[Mn20N20.5]N0.1 displays a broad maximum of the magnetic susceptibility around 
250 K, which points towards some short-range magnetic interactions. This maximum smears 
out as the temperature goes down to 150 K. The increase of electrical resistivity in this region 
(see above) can therefore be attributed to magnetic scattering of electrons coming into play 
when these magnetic excitations occur. The field-cooled (FC) and zero-field-cooled (ZFC) 
curves recorded at 1 kOe diverge at temperatures below this broad maximum (Fig. 76, lower 
plot), indicating that no long-range order takes place at this temperature. 
 
 
Figure 76. Upper plot: temperature dependence of magnetic susceptibility for 
Ba6[Mn20N20.5]N0.1. Inset: high-temperature region above 25 K. Lower plot: temperature 
dependence of ZFC and FC magnetic susceptibility at H = 1 kOe. 
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At 80 K, a kink of the susceptibility, possibly indicating a long-range 
antiferromagnetic transition, is observed. This effect is not visible in the electrical resistivity 
data. Since no impurities were found in the sample and an AFM transition (in contrast to a 
FM transition) would not be visible for a small amount of impurities, this transition seems to 
be intrinsic. 
At 25 K, a rapid increase of the magnetic susceptibility with decreasing temperature 
takes place. Saturation is not reached at the lowest measured temperature. This transition is 
clearly seen in the electrical resistivity data and since an apparently related effect was 
observed for Ba6[Mn20N20.5]N (see below), this transition is likely intrinsic. The FC and ZFC 
curves considerably diverge below 25 K (Fig. 76, lower plot). Measurements of the field 
dependence of magnetization demonstrate that the M(H) plot is linear at room temperature. 
However, at 2 K, a tiny hysteresis loop can be observed (Fig. 77). No saturation is reached in 
the fields up to 7 T. The nature of the transition at 25 K will be discussed in more detail in 
comparison with the nitrogen-richer Ba6[Mn20N20.5]N at the end of this section. 
 
 
Figure 77. Field dependence of magnetization for Ba6[Mn20N20.5]N0.1 at 300 K (red circles) 
and 1.8 K (blue circles). 
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Magnetic measurements on the Ba6[Mn20N20.5]N sample revealed a presence of an 
extrinsic ferro(o/i)magnetic contribution. The latter one likely stems from small amounts of 
the ferrimagnetic Mn4N. The fact that this impurity was observed for the nitrogen-richer 
sample, but not for the nitrogen-poorer one, can be explained by a longer vacuum treatment of 
Ba6[Mn20N20.5]N at 573 K, applied to completely remove sodium metal. As a result, minor 
amounts of binary manganese nitrides (e.g., Mn2N) which could have formed during the 
synthesis decomposed to yield Mn4N, stable at low partial nitrogen pressures. 
Ba6[Mn20N20.5]N displays a Curie-Weiss-type paramagnetic behavior down to 55 K 
(Fig. 78). At this temperature, a rapid increase of the susceptibility is observed at low fields 
(Fig. 78, inset), similar to what was found for Ba6[Mn20N20.5]N0.1 at T = 25 K. In contrast to 
the nitrogen-poorer analogue, Ba6[Mn20N20.5]N shows a saturation of the magnetic 
susceptibility curve below ≈ 20 K and a further decrease below ≈ 10 K. Although the data are 
affected by the ferrimagnetic Mn4N, a rough estimation of the saturated magnetic moment per 
Mn atom gives a value of lower than 0.05 µB. Fitting of the Honda-Owen corrected data 
above 90 K with a modified Curie-Weiss expression yields a magnetic moment of  
5.76(3) µB/f.u., or 1.29(1) µB per Mn atom. Such a small value may be related to a quenching 
of magnetism as in the case of layered calcium nitridomanganates (chapters 5.1 and 5.2). One 
can speculate that in the gapped state, a certain degree of Mn–Mn bonding is retained. Since 
the electrons do not form a Fermi liquid anymore, they can be either used for the formation of 
such metal-metal bonds, or they can reside on the Mn atoms, giving rise to localized magnetic 
moments. It is worthwhile to note that the metal-insulator transition observed in the resistivity 
data is not visible in the magnetic data, indicating that the localized magnetism persists in the 
metallic state. The negative Weiss constant determined from the fit, Θ = –8.9(8) K, indicates 
antiferromagnetic interactions. 
The considerable increase of magnetic susceptibility observed for Ba6[Mn20N20.5]N0.1 
at 25 K and for Ba6[Mn20N20.5]N at 55 K seems to be of the same origin. Different 
explanations can be proposed for these transitions. A ferromagnetic ground state seems to be 
unlikely. A negligibly small hysteresis in Ba6[Mn20N20.5]N0.1 and a low saturated magnetic 
moment (in comparison with the moment in the paramagnetic region) in Ba6[Mn20N20.5]N 
refute ferromagnetism in these compounds. Similarly, a ferrimagnetic transition would 
produce a larger net magnetization. In addition, the decrease of the magnetic susceptibility in 
Ba6[Mn20N20.5]N below 10 K can hardly be explained by a compensation of ferrimagnetism, 
since this decrease occurs in the semiconducting regime with localized magnetic moments, 




Figure 78. Temperature dependence of magnetic susceptibility for Ba6[Mn20N20.5]N. Red line: 
fit with a modified Curie-Weiss expression. Inset: data at 1 kOe. 
 
The most plausible explanation of the magnetic susceptibility increase in both phases 
is a transition to a non-collinear magnetic state, e.g., a spin-canted antiferromagnetic state or a 
spin-glass state. For both scenarios, a small remanent magnetization can be produced, which 
is not easily distinguishable from a weak ferromagnetism. In addition, the divergence of the 
ZFC and FC curves below 25 K for Ba6[Mn20N20.5]N0.1 is consistent with both proposed 
scenarios. 
If a spin-canted state is realized, the magnetic susceptibility decrease in 
Ba6[Mn20N20.5]N below 10 K can be rationalized by an alignment of the magnetic moments 
along one direction, i.e., by a decrease of canting. This effect was observed for the first time 
in the natural hematite (Fe2O3) and is known as Morin transition [271]. 
The occurrence of spin-canting is observed in many magnetically frustrated systems, 
since the departure from collinearity can partially resolve the frustration [272]. The peculiar 
arrangement of Mn atoms in the AE6[Mn20N20+δ]Nx phases can indeed develop a geometric 
frustration, as was discussed earlier.  
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Spin-canting is often attributed to the presence of the Dzyaloshinskii-Moriya (DM) 
interaction [273, 274]. This kind of magnetic exchange forces the otherwise parallel or 
antiparallel magnetic moments to align perpendicular to each other. The prerequisite for this 
effect is the absence of an inversion center between the magnetic atoms. Since the 
microscopic mechanism responsible for the DM exchange is spin-orbit coupling, it may be 
especially relevant for the trigonally coordinated Mn species present in the structure (Mn 
atoms in the corners of the Mn8 cubes), because this kind of coordination environment was 
found to display a significant orbital contribution, as was demonstrated for other phases 
discussed in this work. 
A spin-glass state is another possible explanation of the observed behavior. 
Chemically disordered compounds possessing geometric frustration frequently demonstrate 
spin freezing at low temperatures [275, 276]. Although such behavior normally excludes 
long-range magnetic ordering, reentrant spin-glass behavior below TN was also observed for 
some materials [277]. Hence, the two magnetic transitions visible for Ba6[Mn20N20.5]N0.1 at  
80 K and 25 K can be similarly explained as a long-range AFM ordering and a spin freezing, 
respectively. 
Further investigations should be performed to gain a deeper insight into the properties 
of these materials. Possibly, an apparent ease of growing single crystals may facilitate 
detailed experimental studies. In addition, non-collinear spin arrangements should be 
modelled theoretically to get closer to the real electronic structure of these phases. The actual 
magnetic structure should be studied by means of neutron diffraction. The possibility of a 








Sr[Mn4N4] was frequently observed as an impurity in the samples aimed at the Sr6[Mn20N20]N 
production. When its composition was established from the refined crystal structure, attempts 
were undertaken to obtain phase-pure samples of this compound. However, in all cases, small 
amounts of Sr6[Mn20N20]N and Mn2N were observed along with Sr[Mn4N4]. The behavior of 
Sr[Mn4N4] in the conducted reactions points towards a narrow p–T region in which it can be 
prepared. The best sample produced so far contained about 70 % of Sr[Mn4N4] and was 
obtained by annealing a pelletized mixture of Sr2N and Mn in the ratio Sr : Mn = 1.01 : 4 at 
1123 K for 96 h under ≈ 40 bars of N2 (NaN3). Chemical analysis of this sample did not 
reveal any non-metal impurities, which could otherwise be responsible for the stabilization of 
this phase. Using sodium amide (NaNH2) as a nitrogen and hydrogen source did not improve 
the phase purity of the samples, indicating that hydrogen-stabilization of the title phase is 
quite unlikely. 
 
6.3.2. Crystal structure 
 
The crystal structure of Sr[Mn4N4] was initially established from X-ray powder diffraction 
data of a sample containing about 30 mass % of this phase and was later refined against a 
diffraction pattern of a sample with 70 mass % thereof. The peaks belonging to the new phase 
could be indexed in a small body-centered tetragonal unit cell with a = 8.1585(3) Å,  
c = 3.1845(1) Å, V = 211.97(1) Å
3
. Similar lattice parameters were observed for some other 
multinary nitrides, such as Sr[Mg3GeN4] (a = 8.316(1) Å, c = 3.3981(9) Å) and 
Sr[Mg2Ga2N4] (a = 8.2625(7) Å, c = 3.3585(5) Å), both adopting the U[Cr4C4] structure type 
(space group I4/m) [278]. Other nitridometalates crystallizing in this structure are 
A[Al2Mg2N4] (A = Ca, Sr, Ba, Eu) [279] and Ba[Mg3.33TM0.67N4] (TM = Nb, Ta) [280]. 
Ba[Mg3SiN4], with a statistical distribution of Mg and Si, crystallizes in a distorted U[Cr4C4] 
variant (space group P1̅) [281], whereas A[Mg3SiN4] (A = Ca, Sr, Eu) phases demonstrate a 
fully ordered atomic arrangement adopting the Na[Li3SiO4] structure type (space group I41/a), 
which is a √2 ∙ √2 ∙ 4 superstructure of the parent U[Cr4C4] type [282]. 
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Refinement of the structure in the U[Cr4C4] type readily yielded a good fit to the 
experimental diffraction data (Fig. 79). Difference Fourier mapping did not indicate any 
unaccounted electron density. 
 
 
Figure 79. Rietveld refinement of a multiphase sample of Sr[Mn4N4]. Experimental points are 
shown in black, calculated intensity after Rietveld refinement in red, and difference curve in 
blue (λ = 1.54056 Å). Tick marks correspond to the calculated Bragg peak positions of (from 
top to bottom) Sr[Mn4N4], Sr6[Mn20N20]N, and Mn2N, respectively. 
 
The U[Cr4C4] type structure can be alternatively described as a filled MoNi4 variant. 
In Sr[Mn4N4], the metal atoms form a MoNi4 motif with Mn atoms building the three-
dimensional framework and Sr atoms filling the channels (Fig. 80). Nitrogen atoms occupy in 
turn the octahedral voids. The nitridomanganate framework can be regarded as consisting of 
zig-zag chains of edge-sharing [MnN4] tetrahedra joined together by corner-sharing. Each 
nitrogen atom is shared between four Mn atoms, completing its octahedral environment by 
two Sr atoms. The latter ones are eight-fold coordinated by nitrogen atoms forming slightly 
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axially distorted [SrN8] cubes. A noteworthy feature of this structure type is the empty 
channels running along the [001] direction. These channels can be visualized as chains of 
edge-sharing Mn6 octahedra. Although the latter ones could accommodate some non-metal 
atoms, no residual electron density was found in these channels, and no non-metals besides 
nitrogen were detected in the sample. The size of these channels can be probably explained by 
the spatial requirements of the filled 3dz
2





Figure 80. Upper image: crystal structure of Sr[Mn4N4] shown in two orientations. Mn 
framework is highlighted by black lines. Lower image: coordination of symmetrically 
independent atoms in Sr[Mn4N4]. Bond lengths are given in Å. 
 
6.3.3. Electronic structure 
 
If only the Mn substructure is considered, each Mn atom in Sr[Mn4N4] is surrounded by two 
Mn atoms at a distance of 2.841(5) Å and four Mn atoms at a distance of 2.939(5) Å. The next 
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closest Mn neighbors are located at a much longer distance of 3.185(1) Å. If all symmetrically 
equivalent pairs of Mn atoms are assumed to possess the same type of magnetic coupling, and 
only collinear magnetic structures are considered, the two symmetrically independent Mn–Mn 
contacts given above are sufficient to describe the three-dimensional magnetic structure, since 
the coupling between any two Mn positions can be deduced from these two couplings. This 
means that there exist 2
2
 = 4 possible collinear magnetic structures of Sr[Mn4N4], which are 
shown in Fig. 81. Among them, one is ferromagnetic and three are antiferromagnetic. 
 
 
Figure 81. Possible collinear magnetic arrangements in the Mn substructure of Sr[Mn4N4]. 
Orange and red lines depict two symmetrically independent Mn–Mn couplings sufficient to 
describe the 3D magnetic structure. White and black circles correspond to the Mn atoms with 
spin-up and spin-down states, respectively. 
 
The relative stability of these structures was investigated by total energy calculations 
on the density functional theory level within the LSDA and LSDA+U (U = 2 eV, 4 eV) 
approaches. In all calculations, the lowest energy was achieved for AFM3 arrangement. In 
this structure, each of the six nearest neighbors couples to the central Mn atom 
134 
 
antiferromagnetically. The density of states was found to decrease with the increasing U value 
from 3.2 states/eV/f.u. at U = 0 eV to 1.6 states/eV/f.u. at U = 4 eV (both DOS values are 
given for one spin direction). Since no experimental data are available yet, the importance of 
the on-site correlations for the proper description of the electronic structure is not yet known. 
Judging from the fact that other compounds discussed in this thesis were found to display 
rather weak correlation effects, a simple LSDA electronic structure for Sr[Mn4N4] may be 
already a good approximation of the real electronic structure. In addition, weakly correlated 
metals are generally not properly described within the LSDA+U approach.  
 
 
Figure 82. LSDA electronic density of states for Sr[Mn4N4] in the AFM3 structure. 
 
The electronic density of states of the AFM3 arrangement calculated within the “pure” 
LSDA approach is shown in Fig. 82. The states at and around the Fermi level are almost 
exclusively composed of Mn d-states.  Below –3 eV a significant contribution of the N  
p-states is observed. The latter ones are hybridized in this region with the Mn d-states. 
Despite a rather short Sr–Sr distance of 3.1845(1) Å, Sr states do not contribute to the 
metallicity of the compound, with the Sr valence states located well above the Fermi level. A 
gap opens below the Fermi level in the energy range –2.8 eV < E – EF < –2.5 eV. This region 
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is located at an electron count being 18e lower than that of Sr[Mn4N4]. This value corresponds 
to 4.5 electrons per Mn atom, which is exactly the d-electron count of Mn in this compound. 
 
  
Figure 83. LSDA band structure of Sr[Mn4N4] (AFM3). 
 
Unlike other nitrides crystallizing in the U[Cr4C4] type, the title phase displays 
metallic properties as evidenced by the significant density of states at the Fermi level. Several 
closely positioned sharp peaks are located about 0.06–0.1 eV below the Fermi level and 
originate primarily from the flat bands around the Γ point and in the R–A direction of the 
Brillouin zone (i.e., along the unit cell vector a(b) of the real space cell) (Fig. 83). These 
features are affected by the U magnitude when the calculation is done within the LSDA+U 
scheme. However, if they are intrinsic, hole-doping of the parent Sr[Mn4N4] phase, if 




Chapter 7. Discussion 
 
The main goal of the present work was the synthesis and investigation of nitridomanganates 
with condensed anionic building blocks. By increasing the Mn/AE ratio, anionic structures of 
all dimensionalities were prepared, ranging from isolated units to three-dimensional 
frameworks. 
The formation of Mn-rich nitridomanganates is driven, at least to some extent, by  
Mn–Mn bond formation. In many cases, close Mn–Mn contacts in Mn-rich nitridomanganates 
result in edge-sharing of [MnNx] (x = 3, 4) coordination polyhedra. 
As was mentioned in the introduction, the stabilization of most nitridometalates is 
normally accomplished by the so called inductive effect, i.e., an electronic density transfer 
from the electropositive metal to nitrogen, which increases the covalency of the TM–N bond 
and provides an octet electronic configuration for N. This makes such nitridometalates similar 
to other ionic nitrides (e.g., Li3N).  
On the other hand, in metal-rich binary nitrides (e.g., Mn4N, Fe2N), the crystal 
structure stabilization is achieved due to a formation of extended TM–TM motifs. Apparently, 
transition-metal-rich nitridometalates can benefit from both the inductive effect and metal-
metal interactions if intermediate valence states (and hence partially filled d-states 
participating in the bonding) are possible for the corresponding metal. In this respect, these 
compounds make a link between ionic nitrides and intermetallic compounds. The extended 
TM substructures in such nitridometalates can be regarded as metal clusters of different 
dimensionalities. 
Figure 84 shows a plot of the shortest Mn–Mn distances in all ternary AE 
nitridomanganates versus the Mn/AE ratio. It is evident that the Mn–Mn distances in AE-rich 
phases are quite long, both due to a small content of the Mn species and a rather high 
effective volume of Mn in trigonal coordination, related to the filled dz
2
 orbitals. As was 
shown in the present work, the most natural way to bring such Mn species together in a  
Mn-rich nitridomanganate is a direct Mn–Mn interaction. Consequently, there are no 
compounds known with intermediate Mn–Mn distances (≈ 3.0–4.5 Å). 
Transition metals that do not bear spare d-electrons cannot employ the same TM–TM 
bond formation mechanism for stabilizing nitride structures. As a result, most TMs showing 
the highest oxidation states in nitridometalates tend to reside in isolated nitridometalate 
anions, e.g., [TMN4]
6–
 (TM = Cr, Mo, W) [41, 231, 238, 283–295] or [TMN4]
7–
 (TM = V, Nb, 
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Ta) [31–34, 70, 264, 265, 296–301]. A development of extended species for these metals is 
possible, but is differently realized.  
One way to go from isolated building blocks to extended topologies without direct 
TM–TM interactions is associated with corner-sharing of the [TMNx] polyhedra. This type of 






are present in the crystal structures of AE2[TMN3] (AE = Ca, Sr, Ba, TM = V, Nb, Ta) [194, 
232, 302–305], A3[TMN3] (A = Na, K, Rb, Cs, TM = Mo, W) [306–308], Li4[TaN3] [309], and 
in some other phases. By further linking such chains together by corner-sharing, 2D (e.g., 
Na2K13[W7N19] [310]) and 3D (e.g., Cs5Na[W4N10] [311], A[TMN2] (A = K, Rb, Cs, TM = 
Nb, Ta [312, 313]) anionic structures emerge. In all these cases, the TM–TM distances remain 
quite long. The absence of spare d-electrons and the spatial remoteness preclude any 
considerable interaction between the transition metal atoms. 
 
 
Figure 84. The shortest Mn–Mn distance in ternary AE nitridomanganates versus the Mn/AE 
ratio. Gray field: range of interatomic distances in the first coordination shell of α-Mn. 
 
In some nitridometalates, especially with those bearing 4d, 5d and f elements, an 





 tetragonal pyramids are the structural building blocks in 
Ba[TMN2] (TM = Zr, Hf) layered phases [303, 314]. For 3d elements, the same structure is 
observed for Sr[TiN2] [11]. Edge-sharing [TMN6/3]
2–
 octahedra are present in the crystal 
structures of, e.g., Sr[TMN2] (TM = Zr, Hf) [315]), Na[TMN2] (TM = Nb, Ta) [312, 316], 
AE[CeN2] (AE = Sr, Ba) [317, 318], and Li2[TMN2] (TM = Zr, Hf, Ce, Th) [319–321]. 
Although a longer metal-ligand bond (in comparison with tetrahedral coordination) is 
observed in these phases, the TM–TM distances get closer to the sum of the corresponding 
atomic radii due to edge-sharing. However, the absence of d- or f-electrons which could be 
used for metal-metal bonding seems to preclude any direct interactions between the TM 
atoms. From the physical point of view, this means that these compounds display 
semiconducting or insulating behavior [46–49, 322, 323]. It is worthwhile to mention that 
similar edge-sharing polyhedra are formed with some transition metals in intermediate 
oxidation states, which can be relevant for TM–TM interactions. Such compounds frequently 
show metallic behavior. For instance, the layered phases Ca[TM
IV
N2] (TM = Nb, Ta), 
Li[TM
V
N2] (TM = Mo, W), and Li2[U
IV
N2] with edge-sharing [TMN6/3]
2–
 octahedra were 
reported to be metals [80, 81, 324–326]. Pronounced metal-metal bonding was found in the 
structurally similar Sc[Ta
III
N2]. In contrast to other intermediate-valent compounds mentioned 
above, this phase displays semiconducting behavior due to the electron pairing associated 
with a three-center bond formation [30]. 
Judging from the given examples and the results obtained in this work, it can be 
speculated that direct TM–TM interactions can be present in many intermediate-valent TM 
nitrides with edge-sharing [TMNx] polyhedra, especially when coordination numbers remain 
relatively low (CN = 3–4) to ascertain a short distance between the metal centers. Such 
interactions have been discussed in the literature for some nitridometalates [234, 235]. Thus, 
extended Hückel calculations demonstrated the presence of Fe–Fe interactions in the 
[Fe2N4]
8–
 dimers composed of edge-sharing [FeN3] triangular units in the crystal structures of 




] chains of edge- and corner-sharing 
[FeN3] units of the same shape in the crystal structures of AE2Li[Fe2N3] (AE = Sr, Ba) [234]. 
Some other examples have been discussed in the previous chapters of this work: AE4[Cr2N6] 
(AE = Ca, Sr), Li4Sr2[Cr2N6], Sr10[Mo2N6][MoN4]2 (chapter 3.3); and Li3[FeN2] (chapter 4.6). 
The lack of experimental data for TM-rich compositions for most TMs complicates a rigorous 
analysis of the interactions between transition metal atoms in nitridometalates. In this respect, 
the systematic study of the AE–Mn–N systems conducted in the present work may stimulate 
further research in other systems.  
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Chemical properties of the studied nitridomanganates were also investigated and 
certain trends were discovered that can be relevant for other TM-bearing nitridometalates. 
Chemical sensitivity of AE nitridomanganates towards water and oxygen decreases on 
going from Ba to Ca and from 0D to 3D structures. Thus, the AE3[MnN3] phases (AE = Sr, 
Ba) instantly hydrolyze in moist air and explosively react with water, whereas Sr[Mn4N4] is 
essentially air-stable and only slowly hydrolyzes in water. 
The formation of Mn-rich nitridomanganates in the AE–Mn–N systems was found to 
occur stepwise. At first, when starting from binary alkaline-earth nitrides and Mn metal, the 
AE-richest phases are formed, while the Mn excess is nitridized to yield binary manganese 
nitrides. The first annealing is normally coupled with the highest relative nitrogen uptake, 
which leads to an increase of the pellet volume. At this point, it is frequently necessary to 
regrind and re-densify the mixture for higher homogeneity and improvement of the kinetics. 
In the subsequent steps, Mn-richer phases are formed. 
Nitridomanganates with 3D frameworks, Sr6[Mn20N20]N, Ba6[Mn20N20.5]Nx  
(x = 0.1, 1), and Sr[Mn4N4], were prepared under elevated nitrogen pressure. However, the 
oxidation states of Mn in these compounds are not particularly high and correspond to 




. The necessity to use higher p(N2) is associated with an 
increased average oxidation state of Mn in these compounds in comparison with the mixtures 
of Mn-poorer nitridomanganates and binary Mn nitrides. This can be illustrated by an 
anticipated reaction of the Sr6[Mn20N20]N formation (Mn2N is given as an example of a 
binary Mn nitride): 
 
Sr25[Mn42N50] + 20.67Mn2N + 8.42N2 → 4.17Sr6[Mn20N20]N. 
 
This reaction is carried out at 1123 K, which is well above the decomposition temperature of 
nitrogen-rich binary Mn nitrides (Mn3N2 and Mn6N5) under 1 bar of N2. The average 
oxidation state of Mn in the mixture is 1.94, whereas it is 2.55 in Sr6[Mn20N20]N. 
In general, the oxidation state of Mn does not change systematically with the increase 
in the Mn content for AE nitridomanganates (Fig. 85). Since availability of Mn d-electrons is 
important for the structure-stabilizing Mn–Mn interactions, it is evident that higher oxidation 
numbers (lower d-electron counts) are more typical for Mn-poorer compositions with isolated 
nitridomanganate building blocks. 
Interestingly, the N/Mn ratio nearly systematically decreases with the increasing 




Figure 85. Average oxidation state of manganese <OS(Mn)> (black dotted line) and the N/Mn 
ratio (blue solid line) vs. the Mn/AE ratio in AE nitridomanganates. 
 
From the physical property perspective, the formation of extended Mn structures in 
nitridomanganates leads to a cross-over from semiconducting to metallic properties. However, 
this transition is not monotonous and certainly depends on a particular composition.  
All compounds with isolated nitridomanganate units were found to be semiconducting 
due to the spatial remoteness of the metal centers and the absence of covalent bridging 
connections. This is in line with the available data on other 0D nitridometalates [156, 239, 
240]. 




2N6] also displays 
semiconducting behavior with a relatively large bandgap of about 0.4 eV stemming from a 
charge-ordering in this compound. Other reported chain nitridometalates with intermediate-
valent transition metals comprise both semiconducting (e.g., Li3[FeN2] [255, 327]) and 
metallic (e.g., CaNiN, SrNiN [328]) compounds. 
All layered nitridomanganates presented in this work can be classified as narrow-gap 
semiconductors. Their electronic properties are expected to be highly anisotropic judging 
from the crystal structures. Large single crystals are needed to test this assumption. Layered 
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nitridometalates with TMs in intermediate valence states are rare. Most of them are metals 
(e.g., La3[TM2N6] (TM = V, Cr) [13, 14], RE3[TM2N6] (RE = La, Ce, Pr; TM = Nb, Ta) [329], 
Ca[TMN2] (TM = Nb, Ta) [80, 81], Li[TMN2] (TM = Mo, W) [324, 325]), though 
semiconducting phases have been also reported (e.g., Sc[TaN2] [30]). 
Nitridomanganates with 3D frameworks exhibit metallic conductivity. Interestingly, 
the electronic properties of AE6[Mn20N20+]Nx can be tuned by changing the nitrogen 
stoichiometry, which allows switching from metallic to narrow-gap semiconducting 
properties. The framework structures reported in this work are the first representatives of 3D 
nitridometalates in AE–TM–N systems. However, 3D nitridometalates are known for alkali 
and rare-earth metals. Except compounds with TMs in their highest OSs, these phases are 
typically metallic (e.g., Nax[Ta3N5] [330], La3[Cr9.236N11] [174]). 
Magnetic behavior of the nitridomanganates presented in this work is often 
hallmarked by large spin-orbit coupling. This effect is frequently observed for low-coordinate 
TM complexes, including compounds other than nitrides. In this work, Mn atoms residing in 
two-fold or three-fold coordinations were found to display pronounced orbital magnetism. In 
some cases, orbital momentum is not allowed for symmetry reasons, and is therefore 
quenched. Group theoretical analysis performed for the studied nitridomanganates showed a 
perfect agreement between the experimental data and the predictions. In nitridometalates 
containing 3d elements, orbital effects have been studied mainly for linearly coordinated TM 
atoms in Li2[Li1–xTMxN] phases (TM = Mn, Fe, Co, Ni) [50–52, 221].  
For some extended nitridomanganate topologies, pronounced magnetic frustration 
originating from low-dimensional magnetic structures or Mn clusters with geometrically 
frustrated atomic arrangements was observed. This leads in general to a non-Curie-Weiss-type 
magnetic behavior as visible from the magnetic susceptibility data. In addition, non-collinear 
magnetic arrangements directly related to the frustrated nature of the exchange interactions 
are likely to be realized for the cubic AE6[Mn20N20+]Nx phases. Apparently, detailed analysis 
of magnetic frustration in other nitridometalates has been never performed and should become 
a topic of further studies. 
The emergence of Mn–Mn bonds in extended nitridomanganates causes a quenching 
of magnetic moments on Mn atoms, since some of the available d-electrons are involved in 
the formation of such bonds. Similar effects have been reported in other nitridometalates, e.g., 
Sc[TaN2] [30], Ca6[Cr2N6]H [71], Li6AE2[Mn2N6] (AE = Ca, Sr) [181, 183, 184], and 




Chapter 8. Summary and outlook 
 
In the course of the present work, eleven new ternary compounds in the systems  
AE–Mn–N were obtained and characterized. In addition, the first nitridomanganate-oxide, 
Sr6[MnN3]2O, was synthesized and investigated. 
The family of 0D nitridomanganates was expanded by four new members. 
Sr8[MnN3]2[MnN2] (isotypic to Sr8[MnN3]2[FeN2]) represents the first example of a 




 species, and is apparently the only nitridomanganate 





(isotypic to Sr8[MnN3]3) is a mixed-valent nitridomanganate(III, IV) with isolated trigonal 
[MnN3]
x– 
units. Both Sr8[MnN3]2[MnN2] and Ba8[MnN3]3 display a huge spin-orbit coupling, 
which is not typical for compounds of 3d elements. In Ba8[MnN3]3, this effect leads to the 
magnetic moment of Mn
4+
 being close to the total moment. The strong ligand field of nitrogen 
stabilizes a low-spin state for Mn
2+
 and an intermediate-spin state for Mn
3+
 in 
Sr8[MnN3]2[MnN2], and low-spin states for both Mn species in Ba8[MnN3]3, leading to a non-
magnetic state of Mn
3+




 units of 
edge-sharing [MnN4] tetrahedra with a short Mn–Mn distance (2.38 Å) fostering a strong 
metal-metal interaction. This leads to pairing of the d-electrons which reduces the magnetic 
moment of Mn, resulting in a spin- 
1
2
 dimer (for a formal d
2
 configuration). Sr6[MnN3]2O is a 
Mn
IV
 nitridomanganate with isolated [MnN3]
5–
 species possessing C2v symmetry. This phase 
displays various extents of disorder related to a static rotational degree of freedom of the 
antiperovskite-type (Sr6O) layers and the coupled [MnN3] triangles. Due to the symmetry-
imposed quenching of the orbital momentum, a pure spin magnetism (μ = 1.73 μB/Mn) is 
observed for Mn in this case. 
Ba4[Mn3N6] is the first and up to now the only example of a one-dimensional 
alkaline-earth nitridomanganate. The Mn atoms in this compound display a clear charge 









short Mn–Mn contacts (≈ 2.51Å) favor a formation of metal-metal bonds, leading to a 
quenching of magnetic moments. In addition, a strong magnetic frustration related to the one-
dimensional nature of this phase is observed. Electronic structure calculations indicate an 
AFM ordering of the Mn species along the chains and only a weak interchain coupling, which 
leads to the observed low-dimensional magnetic behavior. 
Investigations of the ternary systems in the compositional range Mn/AE = (1–2) : 1 led 
to the discovery of the first layered nitridomanganates with AE = Ca and Sr. These phases 
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contain complex 2D networks of edge- and corner-sharing [MnNx] (x = 3–4) polyhedra. In all 
these phases, the resulting arrangement of Mn atoms resembles a distorted hexagonal net. Due 
to a considerable overlap of the Mn d-orbitals, these nets possess a pronounced Mn–Mn 
interaction leading to a quenching of magnetic moments. Thus, only 1 out of 19 Mn atoms in 
Ca12[Mn19N23] carries a local magnetic moment due to a special bonding situation of this 
particular Mn species. In Ca133[Mn216N260], only 1 out of 36 Mn atoms is magnetic, whereas 
in Sr25[Mn42N50], the extended network of Mn–Mn interactions results in the complete 
quenching of localized magnetism. As in the case of the 0D nitridomanganates 
Sr8[MnN3]2[MnN2] and Ba8[MnN3]3, magnetic Mn atoms in the layered Ca nitridomanganates 
show a considerable orbital contribution to the total magnetic moment. The complex crystal 
structure of Ca133[Mn216N260] combines [Ca12Mn19N23] and [Ca25Mn42N50] fragments, 
analogous to those in Ca12[Mn19N23] and Sr25[Mn42N50], respectively. 
The representatives of the AE6[Mn20N20+δ]Nx family are the first compounds 
containing 3D nitridomanganate substructures. Sr6[Mn20N20]N is a line phase with the crystal 
structure possessing isolated (Sr6N) octahedra embedded in the [Mn20N20] framework of 
edge- and corner-sharing [MnN4] and [MnN3] units. The Mn substructure of this phase can be 
regarded as consisting of interconnected metal clusters: Mn8 cubes and Mn10 supertetrahedra. 
First principle calculations revealed a complex metallic electronic structure with numerous 
pseudo-gaps in the vicinity of the Fermi level. The structurally similar Ba6[Mn20N20.5]Nx  
(x = 0.1, 1) compounds were found to display a partial occupation of nitrogen in the (AE6Nx) 
octahedra and a half-occupied N position in the centers of the Mn8 cubes. The former ones are 
fully occupied and the latter ones are completely empty in the case of Sr6[Mn20N20]N. 
Nitrogen content in the Ba-phase has a direct impact on the physical properties. Thus, 
Ba6[Mn20N20.5]N is a semiconductor in a wide temperature range with a metal-insulator 
transition at high temperatures. It shows a localized magnetic behavior with a rather small 
value of the effective magnetic moment, likely owing to Mn–Mn interactions. In contrast, 
Ba6[Mn20N20.5]N0.1 is a metal in the whole measured temperature range. It displays a complex 
magnetic behavior with multiple magnetic transitions and short-range interactions at high 
temperatures. Both Ba compounds demonstrate non-collinear magnetism which originates 
from the frustrated Mn substructure of these phases. Sr[Mn4N4] is the TM-richest 
nitridometalate to date. It crystalizes in the U[Cr4C4] structure type and possesses a 3D Mn 
framework with two types of channels. The large channels are filled with Sr atoms, whereas 
the small channels remain empty due to a large spatial requirement of the filled Mn dz
2
 
orbitals. First principle calculations predict a metallic ground state close to a possible 
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electronic instability. All the reported framework compounds represent the first examples of 
3D nitridometalate structures in AE–TM–N systems. 
In general, Mn-rich nitridomanganates are stabilized by direct Mn–Mn interactions 
which foster the formation of extended anionic structures. Such interactions affect the 
magnetic properties of the formed phases, since the magnetic moment on Mn atoms gets 
reduced due to natural electron pairing associated with the metal-metal bond formation. 
It seems plausible that other transition metals that can display intermediate valences in 
nitride compounds can also form various extended nitridometalate structures, which can be of 
interest for future investigations. A number of similarities between nitridomanganates and 
nitridochromates were mentioned in the present work, indicating that chromium can be a 
possible candidate for such studies. Iron is also found in numerous oxidation states when 
nitride chemistry is considered, which calls for a detailed study of Fe-rich nitridoferrates. 
Perhaps, going to intermediate-valent compounds of 4d and 5d elements, which are less prone 
to localized magnetism, can lead to new superconductors. Layered structures can be 




Appendix I. Supplementary data 
 
 
Figure 86. Fragment of the ELF plot (ELF = 0.315) for Sr4[Mn2N6]. Large isosurfaces around 
N atoms corresponding to the lone pairs of the nitride-ligands are sectioned for better 
visibility. Mn and N atoms are shown in red and blue, respectively. Note a small ELF domain 
on the Mn–Mn line, indicating a metal-metal interaction. 
 
 
Figure 87. Rietveld refinement of a multiphase sample of Sr6[MnN3]2O (tetragonal). 
Experimental points are shown in black, calculated intensity after Rietveld refinement in red, 
and difference curve in blue (λ = 1.54056 Å). Tick marks correspond to the calculated Bragg 




Figure 88. Temperature dependence of magnetic susceptibility for Ba4[Mn3N6] between  
320 K and 570 K. 
 
 
Figure 89. Experimental (black) and calculated (red) X-ray powder diffraction pattern of 





Appendix II. Other systems studied in this work 
 
In the course of this thesis, other systems besides AE–Mn–N were also investigated, though to 
a lesser extent.  
 
AII.1. AE–V–N systems 
 
Chemistry and physics of vanadium nitrides represent a particular interest when 3d elements 
are considered. Similarly to manganese, vanadium forms several binary and ternary nitrides 
with different oxidation states. Some of them are superconducting (e.g., VN [331], V3PnN, 
Pn = P, As [332]). La3[V2N6] displays a crystal structure similar to those of some cuprate 






However, no superconductivity was found in this compound [13]. 
The exploration of the AE–V–N systems done in this thesis was primarily aimed at the 
synthesis of V-rich nitridovanadates which could potentially show 2D or 3D nitridovanadate 
building blocks. All attempts to increase the vanadium content beyond the V : AE = 1 : 2 ratio 
have failed so far. Thus, in all the three AE–V–N systems (AE = Ca, Sr, Ba), when the initial 
composition contained a V excess in comparison with AE : V = 2 : 1, AE2[VN3] phases [194, 
232] along with VN were observed in the temperature range 1023–1323 K under 1 bar of N2. 
Possibly, different partial nitrogen pressures are to be applied in order to obtain vanadium-
rich compositions. In addition, other crucible materials than Ta have to be used in order to 
avoid Ta-contamination of the resulting samples, since Ta, being chemically similar to V, 
appears to possess certain solubility in nitridovanadates. 
Although new vanadium-rich phases could not be found with the applied conditions, 
three new alkaline-earth-rich compounds were obtained. These are Ca5[VN4]N,  






Ca5[VN4]N was obtained by annealing a pressed pellet of Ca3N2 and V in the ratio Ca : V =  
5 : 1 at 1000 K for 60 h and after that, at 1323 K for 48 h. This procedure resulted in a single-
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phase yellow microcrystalline product. Although a Ta crucible was used for the synthesis, no 
Ta contamination was found in the final sample. 
 
AII.1.1.2. Crystal structure 
 
Ca5[VN4]N was presumed to be isotypic to Sr5[NbN4]N [264] according to the PXRD data. 
Subsequent successful Rietveld refinement using starting coordinates from Sr5[NbN4]N 
confirmed this conclusion (Fig. 90). 
 
 
Figure 90. Rietveld refinement of Ca5[VN4]N with experimental points shown in black, 
calculated intensity after Rietveld refinement in red, and difference curve in blue  
(λ = 1.54056 Å). 
 
Ca5[VN4]N crystallizes in the Na5[AsO4]O structure type and contains isolated 
[VN4]
7–





) octahedra running 
along the c direction (Fig. 91). A distortion of the tetrahedra lowers the local symmetry down 
to Cs, resulting in a range of V–N distances of 1.85(2)–1.91(3) Å, which is close to the values 
observed for other nitrides bearing tetrahedrally coordinated V
V





Figure 91. Crystal structure of Ca5[VN4]N. 
 
AII.1.1.3. Electronic structure 
 
Electronic structure calculations on Ca5[VN4]N revealed an insulating ground state, in 
accordance with the crystal structure (Fig. 92). The calculated bandgap as determined both by 
the FPLO and TB-LMTO-ASA codes was found to be 1.8 eV. This value seems to be some 
50–60 % underestimated judging from the yellow color of the compound. Such an 




Figure 92. LDA electronic density of states for Ca5[VN4]N. 
 




Both title Ba nitridovanadates were isolated in the form of single crystals from a sample 
prepared in a welded Ta crucible. For the synthesis, a pelletized mixture of Ba2N and V was 
placed in a Ta ampoule along with some NaN3 (which produced a nitrogen pressure of around 
30 bars at 1123 K) and Na metal, so that the final metal ratio was Ba : V : Na = 5 : 1 : 35. The 
ampoule was weld-shut and annealed at 1123 K for 50 h, followed by slow cooling down to 
room temperature at a rate of 10 K/h. Na metal was removed by vacuum evaporation at 573 K 
for 5 h. The sample prepared this way contained, besides the title phases, small amounts of 
Ba2N and Ba2[VN3], suggesting that the reaction had not reached the equilibrium. 
Single crystals of the two new compounds differed in appearance, which allowed a 
simple distinction. Ba7[(V1–xTax)N4]2 was present in the form of gray lustrous prisms, whereas 
Ba5[VN4]N formed long gray rods (Fig. 93). The metal composition of the Ba7[(V1–xTax)N4]2 
crystals as determined by EDX was Ba : V : Ta = 7.0(2) : 1.9(2) : 0.07(5). Ta was originating 
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from the crucible. The metal composition of Ba5[VN4]N was found to be Ba : V = 5.00(3) : 
1.02(4). No Ta was detected in the Ba5[VN4]N crystals. This may be related to the fact that  
alkaline-earth rich compositions normally crystallize faster than transition-metal-richer phases 
(as was also observed for nitridomanganates; see chapter 7). Thus, Ba5[VN4]N crystals may 
have formed before any significant amount of Ta diffused into the reaction mixture, whereas 
Ba7[(V1–xTax)N4]2 was growing from the Ta-enriched medium. 
 
 
Figure 93. Typical appearance of (a) Ba7[(V1–xTax)N4]2 and (b) Ba5[VN4]N single crystals. 
 
AII.1.2.2. Crystal structure of Ba7[(V1–xTax)N4]2 
 
The crystal structure of Ba7[(V1–xTax)N4]2 was solved by direct methods in the space group 
P21/c. All atoms were refined anisotropically. Two symmetrically independent transition-
metal sites were refined as mixed-occupied by V and Ta, and the composition of both sites 
was found to be roughly 0.95V + 0.05Ta, in accordance with the EDX data. The compound 
crystallizes in the Cs7[WN1.5O2.5]2 structure type [333] and contains isolated [V1–xTaxN4]
7–
 
tetrahedra embedded in the Ba
2+






Figure 94. Crystal structure of Ba7[(V1–xTax)N4]2. 
 
AII.1.2.3. Crystal structure of Ba5[VN4]N 
 
Direct methods were employed to solve the crystal structure of Ba5[VN4]N. After all atoms 
were localized, anisotropic refinement was applied to all positions. Ba5[VN4]N crystallizes 
isotypic to Ba5[CrN4]N (space group C2/m) [285]. The structure is composed of isolated 
dimers of edge-sharing N-centered (NBa4Ba2/2)
7+
 octahedra and [VN4]
7–





Figure 95. Crystal structure of Ba5[VN4]N. 
 
AII.1.2.4. Electronic structure of Ba5[VN4]N 
 
Electronic structure calculations performed with the FPLO and TB-LMTO-ASA codes 
revealed a gapped ground state of Ba5[VN4]N. In contrast to Ca5[VN4]N, with Eg(calc) =  
1.8 eV, the calculated bandgap of Ba5[VN4]N was found to be only 0.5 eV (Fig. 96). If this 
value is similarly underestimated by 50-60 % as in the case of Ca5[VN4]N, the real bandgap is 
expected to be around 0.7–0.8 eV, which is still in the IR region. This explains the dark gray 
color of this formally V
V
 compound. It can be assumed that Ba7[(V1–xTax)N4]2 possesses a 
similarly narrow bandgap judging from its color. It is worthwhile to note that the isotypic Nb 
phase Ba5[NbN4]N0.7 was reported to display some nitrogen non-stoichiometry, and the single 
crystals of this compound were also of gray color [297]. In Ba5[VN4]N, as well as in  











Sr5[CoN2]2 single crystals were prepared by annealing a pressed pellet of Sr2N and Co powder 
with the ratio Sr : Co = 5 : 2 at 1273 K for 50 h, followed by cooling down to room 
temperature at 10 K/h. Prior to the annealing, the pellet was wrapped in Co foil to prevent 
possible side reactions with the Ta crucible. The resulting sample contained mainly the title 
phase with small amounts of Co metal and “Sr39[Co12N31]” [190]. Small prismatic single 
crystals of Sr5[CoN2]2 were mechanically isolated for structure determination. 
 
AII.2.2. Crystal structure 
 
Sr5[CoN2]2 was first observed in [161] and, based on its PXRD pattern, assigned to the family 
of AE5[CoN2]2 (AE = Ca, Ca/Ba) nitridocobaltates [334, 335], isotypic to Ca4Ba[CuN2]2 [191]. 
However, no structural characterization was given at that time. Sr5[CoN2] crystallizes 
tetragonal in the space group P4/ncc with the lattice parameters a = 8.6730(5) Å,  
c = 12.443(1) Å , V = 936.0(1) Å
3
. N atoms in the structure of the title phase form double 
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layers of edge-sharing N-centered (NSr5) tetragonal pyramids running parallel (001). These 
layers are linked via common Co atoms, thereby completing the distorted octahedral 




 dumbbells (∠N–Co–N = 176.7(2)o) 
are tilted by 17.89(1)
o
 from [001]. Sr–N bond distances range from 2.563(3) Å to 2.818(4) Å. 
The interatomic Co–N distance of 1.808(3) Å falls in the typical range expected for 
nitridocobaltates [334–336]. Similarly to other nitrides of this family, transition metal atoms 
in Sr5[CoN2]2 form Shastry-Sutherland-type layers packed along the [001] direction (Fig. 97). 
 
 
Figure 97. Upper image: crystal structure of Sr5[CoN2]2. Lower image: Shastry-Sutherland 
lattice of Co atoms in the Sr5[CoN2]2 structure.  
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Molecular weight [g mol
–1
] 977.86 




a [Å] 18.943(1) 
b [Å] 5.3243(3) 


















N(hkl)observed (Ihkl > 2σ(I)) 1122 








Residual electron density peaks [e Å
–3
] +1.38, –1.86 
Refinement software SHELXL-97 
 
Fractional atomic coordinates and equivalent displacement parameters (Å
2
) 
Atom Site x y z Ueq 
Sr1 4i 0.02961(4) 0 0.25096(10) 0.01130(18) 
Sr2 4i 0.33127(4) 0 0.53694(10) 0.01092(18) 
Sr3 4i 0.40467(4) 0 0.02978(10) 0.0153(2) 
Sr4 4i 0.80179(4) 0 0.19288(10) 0.01250(19) 
Mn1 4i 0.18834(6) 0 0.20609(15) 0.0091(2) 
Mn2 2d 1/2 0 1/2 0.0149(4) 
N1 4i 0.1078(3) 0 0.0116(9) 0.0098(12) 
N2 4i 0.1779(4) 0 0.4268(8) 0.0116(13) 
N3 4i 0.2765(4) 0 0.1737(9) 0.0130(13) 
                                                     
1
 Lattice parameters were refined from powder data. 
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N4 4i 0.5270(4) 0 0.2781(9) 0.0146(13) 
 
Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
Sr1 0.0135(3) 0.0087(4) 0.0113(3) 0 0.0030(3) 0 
Sr2 0.0120(3) 0.0097(4) 0.0094(3) 0 0.0006(2) 0 
Sr3 0.0168(4) 0.0086(4) 0.0152(4) 0 –0.0035(3) 0 
Sr4 0.0157(4) 0.0103(4) 0.0118(3) 0 0.0045(3) 0 
Mn1 0.0100(5) 0.0093(6) 0.0069(5) 0 0.0009(4) 0 
Mn2 0.0156(8) 0.0134(9) 0.0152(8) 0 0.0039(6) 0 
N1 0.005(3) 0.014(3) 0.011(3) 0 0.003(2) 0 
N2 0.014(3) 0.012(3) 0.007(3) 0 0.001(2) 0 
N3 0.016(3) 0.013(3) 0.010(3) 0 0.003(2) 0 
N4 0.013(3) 0.012(3) 0.017(3) 0 0.002(3) 0 
 
Selected interatomic distances and angles 




























































Molecular weight [g mol
–1
] 1389.49 
Space group P21/c (#14) 
Lattice parameters  
a [Å] 7.9805(3) 
b [Å] 11.1735(3) 











Radiation, λ [Å] 0.40003 
RF/Rp 0.033/0.062 
Residual electron density peaks [e Å
–3
] +2.45, –2.59 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 
Atoms Site x y z Uiso
1
 
Ba1 4e 0.4763(3) 0.3735(7) 0.4177(2) 0.01194(19) 
Ba2 4e 0.5140(3) 0.3762(7) 0.0860(2) 0.01194 
Ba3 4e 0.7247(4) 0.6337(7) 0.2265(2) 0.01194 
Ba4 4e 0.7260(4) 0.1171(7) 0.2278(2) 0.01194 
Ba5 4e 0.7946(4) 0.1245(7) 0.4421(2) 0.01194 
Ba6 4e 0.9439(3) 0.3785(6) 0.35758(15) 0.01194 
Ba7 4e 0.0133(3) 0.3756(6) 0.14874(15) 0.01194 
Ba8 4e 0.7960(4) 0.6276(7) 0.4426(2) 0.01194 
Mn1 4e 0.5566(5) 0.3697(11) 0.2602(3) 0.0079(7) 
Mn2 4e 0.2014(8) 0.1271(15) 0.4347(5) 0.0079 
Mn3 4e 0.7883(8) 0.3679(13) 0.5649(5) 0.0079 
N1 4e 0.578(2) 0.382(5) 0.5794(15) 0.0079 
N2 4e 0.588(4) 0.249(2) 0.3171(13) 0.0079 
N3 4e 0.839(4) 0.389(4) 0.4840(11) 0.0079 
N4 4e 0.418(2) 0.113(4) 0.4342(15) 0.0079 
N5 4e 0.740(3) 0.400(3) 0.2254(12) 0.0079 
N6 4e 0.966(3) 0.361(4) 0.6442(12) 0.0079 
N7 4e 0.037(3) 0.126(6) 0.3593(12) 0.0079 
N8 4e 0.136(3) 0.127(6) 0.5173(11) 0.0079 
                                                     
1
 Uiso parameters were constrained to be the same for all Ba atoms and for Mn and N atoms. 
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N9 4e 0.344(2) 0.366(4) 0.2028(10) 0.0079 
 
Selected interatomic distances and angles 




































































































































Molecular weight [g mol
–1
] 544.40 
Space group C2/m (#12) 
Lattice parameters  
a [Å] 10.9028(5) 
b [Å] 5.5367(2) 











Radiation, λ [Å] CuKα1, 1.54056 
RF/Rp 0.042/0.011 
Residual electron density peaks [e Å
–3
] +1.11, –1.48 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 
Atom Site x y z Uiso
1
 
Sr1 4i 0.6851(7) 1/2 0.7995(8) 0.0098(14) 
                                                     
1
 Uiso parameters were constrained to be equal within each chemical type. 
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Sr2 4i 0.0793(6) 1/2 0.3532(9) 0.0098 
Mn1 4i 0.3810(9) 1/2 0.8217(12) 0.016(3) 
N1 4i 0.200(3) 1/2 0.783(7) 0.010(5) 
N2 4i 0.393(4) 1/2 0.599(4) 0.010 
N3 4g 0 0.261(3) 0 0.010 
 
Selected interatomic distances and angles 


















2.781(5)  2 
2.57(4) 
2.65(4) 




2.785(3)  2 










108.9(10)  2 





Molecular weight [g mol
–1
] 735.64 
Space group I4/mmm (#139) 
Lattice parameters  
a [Å] 5.2056(3) 








Radiation, λ [Å] CuKα1, 1.54056 
RF/Rp 0.042/0.017 
Residual electron density peaks [e Å
–3
] +1.45, –1.78 





Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 
Atom Site x y z Uiso
1
 Occupancy 
Sr1 4e 0 0 0.1226(5) 0.0132(16) 1 
Sr2 8j 0.147(2) 1/2 0 0.0132 0.5 
Sr3 4d 0 1/2 1/4 0.0132 1 
Mn1 4e 0 0 0.6449(7) 0.013(4) 1 
N1 4e 0 0 0.737(4) 0.033(14) 1 
N2 16n 0.715(10) 0 0.601(3) 0.033 0.5 
O1 2a 0 0 0 0.033 1 
 
Selected interatomic distances and angles 














2.86(2)  4 
2.322(9) 
2.68(6)  2 
3.04(4)  4 
2.712(3)  2 
2.615(7)  4 
3.04(6)  2 
1.73(8) 













Molecular weight [g mol
–1
] 735.64 
Space group Cmce (#64) 
Lattice parameters  
a [Å] 18.9081(13) 
b [Å] 7.3654(5) 














                                                     
1




N(hkl)observed (Ihkl > 2σ(I)) 717 
Refined parameters 36 
Twinning matrix 1 0 0, 0 0 –1, 0 1 0 








Residual electron density peaks [e Å
–3
] +4.51, –4.93 
Refinement software SHELXL-97 
 
Fractional atomic coordinates and isotropic (equivalent) displacement parameters (Å
2
) 





Sr1 8d 0.12317(12) 0 0 0.0186(7) 1 
Sr2A 8f 0 0.3251(4) 0.1772(4) 0.0123(6) 0.915(7) 
Sr2B 8f 0 0.178(4) 0.348(4) 0.0123 0.085 
Sr3 16g 0.24120(12) 0.2456(3) 0.2468(5) 0.0014(6)* 0.50 
Mn1 8d 0.64444(16) 0 0 0.0059(7) 1 
N1 8d 0.7398(9) 0 0 0.007(3)* 1 
N2A 16g 0.6007(8) 0.142(2) 0.146(2) 0.008(3)* 0.915 
N2B 16g 0.628(8) 0.34(2) 0.37(2) 0.008* 0.085 
O1 4a 0 0 0 0.025(6)* 1 
 
Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
Sr1 0.0143(10) 0.0129(14) 0.0286(18) 0 0 0.0017(12) 
Sr2A 0.0212(11) 0.0081(13) 0.0076(13) 0 0 0.0033(9) 
Sr2B 0.0212 0.0081 0.0076 0 0 0.0033(9) 








                                                     
1
 Nitrogen and oxygen atoms, as well as the split Sr3 atom, were refined isotropically. Uiso parameters were 
constrained to be equal for the pairs N2A N2B and Sr2A Sr2B, respectively. 
2
 The following constraints were used for occupancies: occ(Sr2B) = 1 – occ(Sr2A); occ(N2A) = occ(Sr2A); 
occ(N2B) = 1 – occ(N2A). Sr3 position was split and refined with the fixed occupancy 0.5. 
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Selected interatomic distances and angles 































2.852(17)  2 
2.876(17)  2 
2.71(18)  2 
2.94(18)  2 
2.329(2) 
2.674(16)  2 
3.024(17)  2 
3.062(17)  2 
2.711(3) 
2.729(4) 
3.13(17)  2 
3.21(17)  2 






















118.8(5)  2 






Molecular weight [g mol
–1
] 798.16 
Space group Pbcn (#60) 
Lattice parameters  
a [Å] 9.9930(1) 
b [Å] 6.17126(8) 










Radiation, λ [Å] 0.35434 
RF/Rp 0.028/0.058 
Residual electron density peaks [e Å
–3
] +1.10, –0.94 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic (equivalent) displacement parameters (Å
2
) 
Atom Site x y z Uiso*/Ueq
1
 
Ba1 8d 0.82617(7) 0.68848(10) 0.19158(4) 0.00687(19) 
Ba2 8d 0.65129(6) 0.93009(10) 0.94504(4) 0.0077(2) 
Mn1 4c 0 0.1719(4) 1/4 0.0066(6)* 
Mn2 8d 0.00844(13) 0.0660(3) 0.08193(10) 0.0055(4)* 
N1 8d 0.9009(7) 0.8512(11) 0.0291(5) 0.0067(11)* 
N2 8d 0.1212(7) 0.9716(10) 0.1690(5) 0.0067* 
N3 8d 0.9288(7) 0.3008(12) 0.1347(5) 0.0067* 
 
Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
Ba1 0.0088(3) 0.0061(3) 0.0058(3) 0.0003(4) 0.0016(3) –0.0008(3) 
Ba2 0.0066(3) 0.0079(3) 0.0085(4) 0.0004(3) –0.0015(4) –0.0011(4) 
 
Selected interatomic distances and angles 













































88.5(3)  2 










                                                     
1











1.980(7)  2 










Molecular weight [g mol
–1
] 1846.91 
Space group P3 (#143) 
Lattice parameters  
a [Å] 11.8130(1) 
c [Å] 5.58976(7) 
V [Å
3





Radiation, λ [Å] 0.35434 
RF/Rp 0.019/0.090 
Residual electron density peaks [e Å
–3
] +0.52, –0.35 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 
Atom Site x y z Uiso
1
 
Ca1 3d 0.6874(4) 0.6791(5) 0.5435(10) 0.0017(3) 
Ca2 3d 0.8498(4) 0.4916(6) 0.4627(12) 0.0017 
Ca3 3d 0.4928(4) 0.8294(5) 0.4235(12) 0.0017 
Ca4 3d 0.8241(4) 0.9941(6) 0.5548(9) 0.0017 
Mn1 1a 0 0 0.1283(9) 0.00278(15) 
Mn2 3d 0.8516(4) 0.1382(4) 0.0912(6) 0.00278 
Mn3 3d 0.7105(4) 0.8360(4) 0.0791(8) 0.00278 
Mn4 3d 0.7443(3) 0.4770(4) 0.9481(8) 0.00278 
Mn5 3d 0.3550(4) 0.3775(4) 0.9123(8) 0.00278 
Mn6 3d 0.4745(5) 0.6754(4) 0.8923(7) 0.00278 
Mn7 3d 0.5842(4) 0.5578(3) 0.0432(7) 0.00278 
N1 3d 0.635(2) 0.831(3) 0.768(4) 0.00278 
                                                     
1
 Uiso parameters were constrained to be equal for all Ca atoms and for Mn and N atoms. 
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N2 1b 1/3 2/3 0.688(8) 0.00278 
N3 3d 0.860(2) 0.639(2) 0.784(4) 0.00278 
N4 3d 0.489(3) 0.528(2) 0.739(4) 0.00278 
N5 3d 0.546(2) 0.676(2) 0.219(4) 0.00278 
N6 3d 0.717(2) 0.548(2) 0.229(5) 0.00278 
N7 3d 0.8474(19) 0.8502(19) 0.292(4) 0.00278 
N8 1c 2/3 1/3 0.720(6) 0.00278 
























































2.003(19)  3 
2.938(7)  3 



























































2.804(11)  2 
2.470(9) 
                                                     
1





























Molecular weight [g mol
–1
] 20840.22 
Space group P3̅ (#147) 
Lattice parameters  
a [Å] 39.4774(14) 
c [Å] 5.5974(2) 
V [Å
3












N(hkl)observed (Ihkl > 2σ(I)) 7611 








Residual electron density peaks [e Å
–3
] +1.46, –1.19 
Refinement software SHELXL-97 
 
Fractional atomic coordinates and isotropic (equivalent) displacement parameters (Å
2
) 





Ca1 1b 0.0000 0.0000 1/2 0.028(2) 0.897(13) 
Ca2 6g 0.49953(7) 0.11946(7) –0.4474(4) 0.0099(5) 1 
Ca3 6g 0.33169(7) 0.06794(7) –0.5286(4) 0.0110(5) 1 
                                                     
1
 Mn37 and all N atoms were refined isotropically. Uiso parameters were constrained to be equal for N44 and 
N45. 
2
 The following occupancy constraints were applied: occ(Mn37) = 0.5 – 0.5occ(Ca1); occ(N44) = occ(Ca1); 
occ(N45) = 1 – occ(N44). 
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Ca4 6g 0.36675(7) 0.17036(7) –0.4466(4) 0.0100(5) 1 
Ca5 6g 0.55077(6) 0.30327(6) 0.5531(4) 0.0067(4) 1 
Ca6 6g 0.29724(7) –0.02697(7) 0.5558(4) 0.0107(5) 1 
Ca7 6g 0.13744(7) –0.05908(7) 0.4334(3) 0.0085(4) 1 
Ca8 6g 0.60234(7) 0.18710(7) 0.4691(4) 0.0106(5) 1 
Ca9 6g 0.37316(7) –0.04982(7) 0.4422(4) 0.0113(5) 1 
Ca10 6g 0.22988(7) 0.00833(7) –0.5327(4) 0.0107(5) 1 
Ca11 6g 0.16997(7) 0.04341(7) –0.4478(4) 0.0091(4) 1 
Ca12 6g 0.33833(6) –0.14463(7) 0.5295(4) 0.0090(4) 1 
Ca13 6g 0.44029(7) –0.08481(7) 0.5290(4) 0.0106(5) 1 
Ca14 6g 0.07005(6) –0.03188(6) –0.5628(4) 0.0087(4) 1 
Ca15 6g 0.39065(7) 0.26972(7) 0.4352(4) 0.0090(4) 1 
Ca16 6g 0.40002(7) 0.04381(7) 0.4345(4) 0.0113(5) 1 
Ca17 6g 0.27192(7) 0.11048(7) –0.5313(4) 0.0096(4) 1 
Ca18 6g 0.46727(7) 0.01733(7) –0.5670(4) 0.0113(5) 1 
Ca19 6g 0.62647(6) 0.27960(6) 0.4348(4) 0.0062(4) 1 
Ca20 6g 0.29668(7) 0.20280(7) 0.4348(4) 0.0097(5) 1 
Ca21 6g 0.43002(6) 0.14026(7) –0.4359(4) 0.0107(5) 1 
Ca22 6g 0.45695(6) 0.24009(7) –0.4349(4) 0.0086(4) 1 
Ca23 6g 0.53004(6) 0.21298(6) 0.5641(4) 0.0079(4) 1 
Mn1 6g 0.47234(5) 0.19785(5) 0.1359(3) 0.0091(3) 1 
Mn2 6g 0.57988(5) 0.15341(5) –0.0461(3) 0.0093(3) 1 
Mn3 6g 0.32052(5) 0.09019(5) –0.0459(3) 0.0107(4) 1 
Mn4 6g 0.34968(5) –0.16689(5) 0.0449(3) 0.0092(3) 1 
Mn5 6g 0.25026(5) 0.07691(5) –0.0488(3) 0.0103(4) 1 
Mn6 6g 0.28600(5) –0.15164(5) 0.0778(3) 0.0081(3) 1 
Mn7 6g 0.51355(5) 0.09513(5) 0.0492(3) 0.0097(3) 1 
Mn8 6g 0.57495(5) 0.34144(5) 0.0495(3) 0.0095(3) 1 
Mn9 6g 0.26366(5) 0.01999(5) –0.0479(3) 0.0088(3) 1 
Mn10 6g 0.38422(5) 0.07504(5) –0.0771(3) 0.0089(3) 1 
Mn11 6g 0.32186(5) 0.01182(5) 0.0505(3) 0.0090(3) 1 
Mn12 6g 0.18401(5) 0.01806(5) 0.0484(3) 0.0098(4) 1 
Mn13 6g 0.40888(5) 0.21699(5) 0.0881(3) 0.0081(3) 1 
Mn14 6g 0.26525(5) 0.15521(5) –0.0831(3) 0.0097(4) 1 
Mn15 6g 0.49628(5) 0.28112(5) 0.0976(3) 0.0082(3) 1 
Mn16 6g 0.42720(5) –0.02905(5) –0.0995(3) 0.0082(3) 1 
Mn17 6g 0.62084(5) 0.32043(5) –0.0992(3) 0.0085(3) 1 
Mn18 6g 0.32851(5) 0.15664(5) 0.0489(3) 0.0081(3) 1 
Mn19 6g 0.40650(5) –0.09661(5) 0.0463(3) 0.0103(4) 1 
Mn20 6g 0.55510(5) 0.26124(5) 0.0881(3) 0.0081(3) 1 
Mn21 6g 0.34817(5) –0.08860(5) –0.0510(3) 0.0094(4) 1 
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Mn22 6g 0.24282(5) –0.04784(5) 0.0995(3) 0.0079(3) 1 
Mn23 6g 0.59544(5) 0.23260(5) –0.0778(3) 0.0083(3) 1 
Mn24 6g 0.53199(5) 0.17407(5) 0.0973(3) 0.0079(3) 1 
Mn25 6g 0.22864(5) 0.18533(5) 0.0837(3) 0.0074(3) 1 
Mn26 6g 0.20329(5) 0.09756(5) 0.0991(3) 0.0096(4) 1 
Mn27 6g 0.11731(5) –0.02647(5) –0.1002(3) 0.0093(3) 1 
Mn28 6g 0.45334(5) 0.11506(5) 0.0883(3) 0.0099(4) 1 
Mn29 6g 0.51504(5) 0.03338(5) –0.0832(3) 0.0089(4) 1 
Mn30 6g 0.36780(5) –0.00894(5) –0.0936(3) 0.0084(3) 1 
Mn31 6g 0.35010(5) 0.22345(5) –0.0981(3) 0.0077(3) 1 
Mn32 6g 0.30249(5) –0.06758(5) 0.0945(3) 0.0085(3) 1 
Mn33 6g 0.12514(6) 0.03872(5) 0.0828(3) 0.0164(4) 1 
Mn34 6g 0.05698(6) –0.00619(6) –0.0724(3) 0.0239(5) 1 
Mn35 6g 0.38908(5) 0.13827(5) 0.0964(3) 0.0092(3) 1 
Mn36 6g 0.44699(5) 0.05010(5) –0.0983(3) 0.0087(3) 1 
Mn37 2c 0 0 0.927(8) 0.010(14)* 0.052 
N1 6g 0.5575(3) 0.1807(3) 0.7835(15) 0.0084(18)* 1 
N2 6g 0.2791(3) 0.0053(3) 0.2461(15) 0.0084(18)* 1 
N3 6g 0.3698(3) 0.1128(3) –0.2165(15) 0.0086(18)* 1 
N4 6g 0.3196(3) –0.1027(3) 0.2431(16) 0.012(2)* 1 
N5 6g 0.5210(3) 0.0175(3) 0.2291(15) 0.0102(19)* 1 
N6 6g 0.3141(3) 0.1710(3) –0.2457(15) 0.0069(18)* 1 
N7 6g 0.2359(3) –0.0314(3) –0.2159(14) 0.0072(18)* 1 
N8 6g 0.3264(3) –0.0616(3) –0.2221(16) 0.013(2)* 1 
N9 6g 0.4336(3) –0.0469(3) 0.2188(15) 0.0080(18)* 1 
N10 6g 0.5797(3) 0.2683(3) 0.7778(15) 0.0077(19)* 1 
N11 6g 0.3562(3) 0.2061(3) 0.2189(15) 0.0114(19)* 1 
N12 6g 0.3514(3) 0.0266(3) –0.2520(15) 0.0083(19)* 1 
N13 6g 0.2272(3) 0.1037(3) –0.2163(15) 0.0095(19)* 1 
N14 6g 0.4445(3) 0.2702(3) 0.2330(15) 0.0105(19)* 1 
N15 6g 0.2205(3) 0.0614(3) –0.7527(15) 0.0078(18)* 1 
N16 6g 0.4862(3) 0.1615(3) 0.2951(15) 0.012(2)* 1 
N17 6g 0.4003(3) 0.0979(3) 0.2345(15) 0.0087(18)* 1 
N18 6g 0.5498(3) 0.1378(3) 0.2457(15) 0.0094(19)* 1 
N19 6g 0.4357(3) 0.0910(3) –0.2239(15) 0.0100(19)* 1 
N20 6g 0.0834(3) –0.0728(3) –0.2957(15) 0.010(2)* 1 
N21 6g 0.5320(3) 0.3342(3) 0.2462(15) 0.0091(19)* 1 
N22 6g 0.4134(2) 0.0040(2) –0.2933(15) 0.0062(18)* 1 
N23 6g 0.5098(3) 0.2488(3) 0.2956(15) 0.0081(19)* 1 
N24 6g 0.3356(3) 0.1208(3) 0.2470(16) 0.014(2)* 1 
N25 2d 2/3 1/3 –0.303(2) 0.002(3)* 1 
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N26 6g 0.4637(2) 0.0729(2) 0.2207(14) 0.0051(17)* 1 
N27 6g 0.3375(3) 0.2563(3) –0.2978(16) 0.013(2)* 1 
N28 6g 0.6447(3) 0.2477(3) –0.2489(15) 0.0095(19)* 1 
N29 6g 0.3439(3) –0.0149(3) 0.2262(14) 0.0068(18)* 1 
N30 6g 0.3906(3) –0.0820(3) 0.7513(15) 0.0085(19)* 1 
N31 6g 0.3925(3) –0.1386(3) 0.2810(15) 0.0125(18)* 1 
N32 6g 0.4991(3) 0.0664(3) –0.2533(16) 0.013(2)* 1 
N33 6g 0.1919(2) –0.0584(2) 0.2326(14) 0.0058(18)* 1 
N34 6g 0.1345(3) –0.0029(3) 0.2175(16) 0.016(2)* 1 
N35 6g 0.1065(3) 0.0151(3) –0.2307(16) 0.016(2)* 1 
N36 6g 0.5977(3) 0.3144(3) 0.2153(14) 0.0081(18)* 1 
N37 6g 0.4899(3) 0.3003(3) –0.2112(16) 0.013(2)* 1 
N38 6g 0.4018(2) 0.2343(2) –0.2302(14) 0.0055(18)* 1 
N39 6g 0.4219(2) 0.1844(2) 0.2965(14) 0.0053(17)* 1 
N40 6g 0.2781(3) 0.0623(3) –0.2803(14) 0.0084(18)* 1 
N41 6g 0.5725(2) 0.2254(2) 0.2336(14) 0.0050(17)* 1 
N42 6g 0.2430(3) 0.1484(3) 0.2313(15) 0.0121(19)* 1 
N43 6g 0.1801(3) 0.1703(3) 0.2493(15) 0.0076(18)* 1 
N44 6g 0.0659(4) 0.0181(4) 0.240(2) 0.037(4)* 0.897 
N45 6g 0.036(4) –0.002(4) 0.22(2) 0.037(4)* 0.103 
 
Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
Ca1 0.031(3) U11 0.023(4) 0.0153(15) 0 0 
Ca2 0.0095(11) 0.0090(11) 0.0118(10) 0.0050(9) 0.0010(9) 0.0024(9) 
Ca3 0.0099(11) 0.0088(11) 0.0123(11) 0.0033(9) 0.0000(9) –0.0002(9) 
Ca4 0.0100(11) 0.0128(11) 0.0090(10) 0.0072(10) 0.0006(9) 0.0005(9) 
Ca5 0.0087(11) 0.0049(10) 0.0056(9) 0.0028(9) 0.0005(8) 0.0012(8) 
Ca6 0.0098(11) 0.0114(11) 0.0121(10) 0.0061(10) –0.0039(9) –0.0039(9) 
Ca7 0.0101(11) 0.0093(11) 0.0053(9) 0.0044(10) –0.0014(9) –0.0009(9) 
Ca8 0.0065(11) 0.0090(11) 0.0116(10) 0.0002(9) 0.0011(9) –0.0002(9) 
Ca9 0.0112(11) 0.0115(12) 0.0097(10) 0.0046(10) –0.0021(9) –0.0011(9) 
Ca10 0.0103(11) 0.0131(12) 0.0106(10) 0.0073(10) –0.0005(9) –0.0005(9) 
Ca11 0.0126(11) 0.0115(11) 0.0066(9) 0.0086(10) –0.0007(9) 0.0012(9) 
Ca12 0.0083(11) 0.0109(11) 0.0077(10) 0.0048(9) –0.0019(9) 0.0004(9) 
Ca13 0.0113(11) 0.0100(11) 0.0115(10) 0.0060(10) –0.0004(9) –0.0017(9) 
Ca14 0.0096(11) 0.0077(10) 0.0090(10) 0.0044(9) –0.0023(9) –0.0014(9) 
Ca15 0.0081(11) 0.0092(11) 0.0105(10) 0.0050(9) 0.0037(9) 0.0026(9) 
Ca16 0.0099(11) 0.0154(12) 0.0098(10) 0.0071(10) 0.0034(9) 0.0010(9) 
Ca17 0.0132(11) 0.0113(11) 0.0057(9) 0.0072(10) –0.0011(9) –0.0016(9) 
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Ca18 0.0111(11) 0.0103(11) 0.0114(10) 0.0046(10) –0.0004(9) –0.0040(9) 
Ca19 0.0063(10) 0.0050(10) 0.0034(9) –0.0001(9) 0.0000(8) –0.0007(8) 
Ca20 0.0088(11) 0.0094(11) 0.0117(10) 0.0050(9) –0.0012(9) –0.0024(9) 
Ca21 0.0084(11) 0.0128(11) 0.0123(10) 0.0063(9) 0.0041(9) 0.0026(9) 
Ca22 0.0086(11) 0.0111(11) 0.0066(9) 0.0053(9) 0.0006(8) –0.0003(9) 
Ca23 0.0090(11) 0.0071(10) 0.0080(10) 0.0042(9) 0.0001(9) –0.0010(9) 
Mn1 0.0060(8) 0.0111(9) 0.0104(7) 0.0043(7) –0.0010(7) 0.0008(7) 
Mn2 0.0091(8) 0.0115(9) 0.0093(7) 0.0067(7) 0.0013(7) 0.0005(7) 
Mn3 0.0090(8) 0.0096(8) 0.0112(8) 0.0030(7) –0.0011(7) –0.0029(7) 
Mn4 0.0065(8) 0.0095(8) 0.0093(8) 0.0022(7) 0.0015(7) –0.0002(7) 
Mn5 0.0118(9) 0.0118(9) 0.0087(7) 0.0069(7) 0.0010(7) 0.0002(7) 
Mn6 0.0081(8) 0.0101(8) 0.0069(7) 0.0051(7) 0.0005(7) –0.0008(7) 
Mn7 0.0087(8) 0.0108(9) 0.0075(7) 0.0034(7) –0.0010(7) 0.0003(7) 
Mn8 0.0103(9) 0.0116(9) 0.0087(8) 0.0072(7) 0.0012(7) 0.0007(7) 
Mn9 0.0102(8) 0.0091(8) 0.0082(7) 0.0055(7) –0.0003(7) 0.0004(7) 
Mn10 0.0088(8) 0.0093(8) 0.0073(7) 0.0035(7) 0.0002(7) –0.0004(7) 
Mn11 0.0092(8) 0.0113(9) 0.0080(7) 0.0062(7) 0.0024(7) 0.0017(7) 
Mn12 0.0083(8) 0.0103(8) 0.0098(8) 0.0038(7) –0.0005(7) –0.0009(7) 
Mn13 0.0088(8) 0.0071(8) 0.0082(7) 0.0038(7) –0.0030(7) –0.0012(6) 
Mn14 0.0090(8) 0.0088(8) 0.0114(8) 0.0046(7) 0.0018(7) 0.0009(7) 
Mn15 0.0075(8) 0.0088(8) 0.0082(7) 0.0040(7) –0.0022(7) –0.0005(7) 
Mn16 0.0098(8) 0.0088(8) 0.0075(7) 0.0057(7) 0.0006(7) 0.0013(7) 
Mn17 0.0086(8) 0.0091(8) 0.0073(7) 0.0040(7) 0.0022(7) 0.0018(7) 
Mn18 0.0097(8) 0.0083(8) 0.0074(7) 0.0053(7) –0.0001(7) 0.0010(7) 
Mn19 0.0120(9) 0.0088(8) 0.0095(8) 0.0048(7) –0.0011(7) –0.0001(7) 
Mn20 0.0100(8) 0.0058(8) 0.0091(8) 0.0042(7) –0.0003(7) –0.0005(7) 
Mn21 0.0063(8) 0.0116(9) 0.0090(8) 0.0035(7) 0.0017(7) 0.0025(7) 
Mn22 0.0094(8) 0.0064(8) 0.0077(7) 0.0037(7) –0.0006(7) 0.0005(6) 
Mn23 0.0080(8) 0.0103(8) 0.0079(7) 0.0055(7) –0.0006(7) –0.0018(7) 
Mn24 0.0094(8) 0.0070(8) 0.0073(7) 0.0041(7) 0.0009(7) 0.0016(7) 
Mn25 0.0081(8) 0.0073(8) 0.0068(7) 0.0038(7) 0.0014(7) 0.0003(6) 
Mn26 0.0119(9) 0.0106(9) 0.0082(8) 0.0071(7) 0.0003(7) –0.0025(7) 
Mn27 0.0109(9) 0.0093(8) 0.0074(7) 0.0048(7) –0.0015(7) 0.0005(7) 
Mn28 0.0095(8) 0.0103(9) 0.0084(7) 0.0039(7) –0.0006(7) –0.0012(7) 
Mn29 0.0125(9) 0.0085(8) 0.0070(7) 0.0063(7) –0.0010(7) 0.0005(7) 
Mn30 0.0080(8) 0.0083(8) 0.0076(7) 0.0031(7) 0.0003(7) –0.0012(7) 
Mn31 0.0077(8) 0.0070(8) 0.0084(8) 0.0036(7) –0.0002(7) –0.0003(6) 
Mn32 0.0085(8) 0.0108(9) 0.0080(7) 0.0060(7) –0.0003(7) –0.0001(7) 
Mn33 0.0274(11) 0.0132(9) 0.0138(8) 0.0140(9) –0.0089(8) –0.0048(7) 
Mn34 0.0257(11) 0.0233(11) 0.0125(9) 0.0046(9) –0.0006(8) –0.0055(8) 
Mn35 0.0116(9) 0.0089(8) 0.0073(7) 0.0052(7) –0.0039(7) –0.0011(7) 
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1
 Mn37 is located in the special position 2c and has six Mn34 neighbors at distances of 2.381(2) Å ( 3) and 





Molecular weight [g mol
–1
] 5198.23 
Space group P3̅ (#147) 
Lattice parameters  
a [Å] 17.9754(6) 
c [Å] 5.7935(2) 
V [Å
3





Radiation, λ [Å] 0.40003 
RF/Rp 0.033/0.061 
Residual electron density peaks [e Å
–3
] +1.43, –1.87 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 
Atom Site x y z Uiso
1
 
Sr1 6g 0.79636(16) 0.79472(16) 0.4379(4) 0.00376(13) 
Sr2 6g 0.41671(13) 0.61366(13) 0.4583(5) 0.00376 
Sr3 6g 0.39444(17) 0.99482(17) 0.4348(4) 0.00376 
Sr4 6g 0.59738(15) 0.81090(13) 0.5546(4) 0.00376 
Sr5 1b 0 0 1/2 0.00376 
Mn1 6g 0.3261(3) 0.2792(2) 0.0971(5) 0.00539(18) 
Mn2 6g 0.8457(2) 0.8800(2) 0.9411(7) 0.00539 
Mn3 6g 0.1098(2) 0.6652(2) 0.0908(11) 0.00539 
Mn4 6g 0.7515(2) 0.3339(2) 0.0532(8) 0.00539 
Mn5 6g 0.4561(2) 0.2742(2) 0.9470(8) 0.00539 
Mn6 6g 0.5125(2) 0.4404(2) 0.0801(7) 0.00539 
Mn7 6g 0.7098(2) 0.8790(2) 0.0776(7) 0.00539 
N1 6g 0.5191(8) 0.2333(9) 0.779(2) 0.00539 
N2 6g 0.4464(8) 0.3261(8) 0.234(2) 0.00539 
N3 6g 0.6631(8) 0.9353(8) 0.2580(17) 0.00539 
N4 6g 0.9081(9) 0.8426(8) 0.774(2) 0.00539 
N5 6g 0.6336(8) 0.4994(8) 0.217(2) 0.00539 
N6 6g 0.5470(8) 0.5018(9) 0.781(2) 0.00539 
N7 2d 2/3 1/3 0.253(4) 0.00539 
N8 6g 0.3430(8) 0.2406(8) 0.796(2) 0.00539 
N9 6g 0.7403(8) 0.8447(8) 0.7756(19) 0.00539 
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1
 Mn atoms form a distorted hexagonal net with vacancies in (0, 0, 0). All Mn atoms, except Mn2, have six 
















Molecular weight [g mol
–1
] 1918.62 
Space group Fm3̅m (#225) 
Lattice parameters  















N(hkl)observed (Ihkl > 2σ(I)) 213 








Residual electron density peaks [e Å
–3
] +1.69, –0.97 
Refinement software SHELXL-97 
 
Fractional atomic coordinates and isotropic (equivalent) displacement parameters (Å
2
) 
Atom Site x y z Uiso*/Ueq
1
 
Sr1 24e 0.6932(2) 0 1/2 0.0116(6) 
Mn1 48g 3/4 1/4 0.6020(2) 0.0098(6) 
Mn2 32f 0.39984(17) x x 0.0101(8) 
N1 4a 0 0 0 0.004(10)* 
N2 48i 0.1690(8) x 1/2 0.010(3)* 





                                                     
1
 N atoms were refined isotropically. 
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Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
Sr1 0.0096(13) 0.0125(8) U22 0 0 0 
Mn1 0.0097(8) U11 0.0100(14) 0.0007(12) 0 0 
Mn2 0.0101(8) U11 U11 –0.0016(8) U12 –U12 
 
Selected interatomic distances and angles 




















2.844(2)  4 
2.791(15)  4 
2.000(11)  2 
1.975(13)  2 
2.660(6) 
2.729(4)  4 
2.763(3)  2 
1.822(10)  3 
2.763(3)  3 






101.6(3)  4 
144.7(10) 




Molecular weight [g mol
–1
] 2216.86 



















N(hkl)observed (Ihkl > 2σ(I)) 253 








Residual electron density peaks [e Å
–3
] +2.51, –1.95 
                                                     
1
 Lattice parameter was refined from powder data. 
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Refinement software SHELXL-97 
 
Fractional atomic coordinates and equivalent displacement parameters (Å
2
) 





Ba1 24e 0.69591(7) 0 1/2 0.0131(3) 1 
Mn1 48g 3/4 1/4 0.60083(14) 0.0151(4) 1 
Mn2A 32f 0.3897(2) x x 0.0153(13) 0.499(7) 
Mn2B 32f 0.4117(2) x x 0.0153 0.499 
N1 4a 0 0 0 0.013(5) 1 
N2 48i 0.1721(6) x 1/2 0.0156(18) 1 
N3 32f 0.1547(6) x x 0.017(2) 1 
N4 4b 1/2 1/2 1/2 0.013 0.499 
 
Atomic displacement parameters (Å
2
) 
 U11 U22 U33 U12 U13 U23 
Ba1 0.0119(5) 0.0138(3) U22 0 0 0 
Mn1 0.0153(5) U11 0.0147(8) –0.0017(7) 0 0 
Mn2A 0.0153(13) U11 U11 –0.0039(12) U12 –U12 
Mn2B 0.0153 U11 U11 –0.0039 U12 –U12 
N1 0.013(5) U11 U11 0 0 0 
N2 0.015(3) U11 0.017(5) –0.003(4) 0 0 
N3 0.017(2) U11 U11 –0.002(3) U12 U12 
N4 0.013(5) U11 U11 0 0 0 
 
Selected interatomic distances and angles 




















2.8948(16)  4 
2.971(9)  4 
1.993(8)  2 
1.937(7)  2 
2.692(4) 
2.815(3)  4 
2.640(4)  2 
3.056(5)  2 
1.879(7)  3 








104.5(2)  4 
136.5(7) 
119.70(6)  3 
110.9(2)  3 
108.0(3)  3 
                                                     
1
 ADPs were constrained to be equal for the pairs Mn2A Mn2B and N1 N4, respectively. 
2









2.945(7)  3 
1.973(9)  3 
2.042(6) 
3.056(5)  3 




Molecular weight [g mol
–1
] 2211.26 
Space group Fm3̅m (#225) 
Lattice parameters  








Radiation, λ [Å] CuKα1, 1.54056 
RF/Rp 0.034/0.012 
Residual electron density peaks [e Å
–3
] +1.11, –1.59 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 





Ba1 24e 0.69903(17) 0 1/2 0.0041(11) 1 
Mn1 48g 3/4 1/4 0.6013(3) 0.0042(14) 1 
Mn2A 32f 0.3893(14) x x 0.0042 0.49(5) 
Mn2B 32f 0.4112(14) x x 0.0042 0.51 
N1 4a 0 0 0 0.003(6) 0.09(11) 
N2 48i 0.1715(9) x 1/2 0.003 1 
N3 32f 0.1562(13) x x 0.003 1 
N4 4b 1/2 1/2 1/2 0.003 0.51 
 
Selected interatomic distances and angles 








2.859(12)  4 





104.9(6)  4 
135.1(7) 
                                                     
1
 Uiso parameters were constrained to be equal within each chemical type. 
2





















1.999(9)  2 
1.910(17)  2 
2.696(5) 
2.797(4)  4 
2.624(18)  2 
3.038(19)  2 
1.87(2)  3 
2.624(18)  3 
2.94(3)  3 
1.95(2)  3 
2.045(19) 
3.038(19)  3 




119.8(11)  3 
111.3(10)  3 




Molecular weight [g mol
–1
] 363.40 
Space group I4/m (#87) 
Lattice parameters  
a [Å] 8.1585(3) 








Radiation, λ [Å] CuKα1, 1.54056 
RF/Rp 0.030/0.010 
Residual electron density peaks [e Å
–3
] +0.98, –1.03 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 
Atom Site x y z Uiso 
Sr1 2a 0 0 0 0.0056(17) 
Mn1 8h 0.1702(4) 0.3701(5) 0 0.0050(14) 
N1 8h 0.401(2) 0.2527(16) 0 0.006(6) 
 
Selected interatomic distances and angles 





2.695(11)  8 
1.968(9)  2 
N1–Mn1–N1 
N1–Mn1–N1 











2.841(4)  2 










Molecular weight [g mol
–1
] 321.37 
Space group Pbcm (#57) 
Lattice parameters  
a [Å] 6.0371(3) 
b [Å] 16.6146(7) 
c [Å] 6.7815(3) 
V [Å
3





Radiation, λ [Å] CuKα1, 1.54056 
RF/Rp 0.035/0.010 
Residual electron density peaks [e Å
–3
] +0.47, –0.42 
Refinement software Jana2006 
 
Fractional atomic coordinates and isotropic displacement parameters (Å
2
) 
Atom Site x y z Uiso
1
 
Ca1 8e 0.2914(9) 0.5750(3) 0.5101(11) 0.0178(19) 
Ca2 4d 0.1900(15) 0.4176(6) 1/4 0.018(3) 
Ca3 4d 0.5143(14) 0.2625(5) 1/4 0.009(3) 
Ca4 4c 0.0447(12) 1/4 0 0.017(3) 
V1 4d 0.2872(11) 0.0937(4) 1/4 0.011(2) 
N1 8e 0.367(3) 0.1529(11) 0.030(3) 0.007(3) 
N2 4d 0.000(4) 0.0503(13) 1/4 0.007 
N3 4d 0.488(5) 0.0045(18) 1/4 0.007 






                                                     
1
 Uiso parameters were constrained to be equal for N atoms. 
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Selected interatomic distances and angles 
































2.52(2)  2 
2.53(2)  2 
2.37(3) 
2.535(17)  2 
2.411(19)  2 










116.4(6)  2 
104.3(8)  2 
106.7(12) 
 
Ba7[V1–xTaxN4]2 (x ≈ 0.06) 
Composition Ba7V1.89Ta0.11N8 
Molecular weight [g mol
–1
] 1189.53 
Space group P21/c (#14) 
Lattice parameters  
a [Å] 6.4155(2) 
b [Å] 10.2824(3) 


















N(hkl)observed (Ihkl > 2σ(I)) 5544 










Residual electron density peaks [e Å
–3
] +3.37, –4.77 
Refinement software SHELXL-97 
 










Ba1 4e 0.39739(6) –0.00167(4) 0.782870(19) 0.01254(8) 1 
Ba2 4e 0.59048(6) 0.33448(4) 0.886351(18) 0.01200(8) 1 
Ba3 4e 0.21387(6) 0.55852(4) 0.953220(19) 0.01382(8) 1 
Ba4 4e 0.09040(6) 0.34020(4) 0.806898(19) 0.01425(8) 1 
Ba5 4e 0.29288(7) 0.28873(4) 0.132544(19) 0.01518(9) 1 
Ba6 4e 0.28473(7) –0.10664(4) 0.972822(19) 0.01429(8) 1 
Ba7 4e –0.06356(7) 0.04733(4) 0.864177(19) 0.01513(9) 1 
V1 4e 0.20755(14) 0.66444(9) 0.79558(4) 0.0088(3) 0.943(2) 
Ta1 4e 0.20755 0.66444 0.79558 0.0088 0.057 
V2 4e 0.21446(14) 0.22333(9) 0.97485(4) 0.0094(3) 0.947(2) 
Ta2 4e 0.21446 0.22333 0.97485 0.0094 0.053 
N1 4e 0.1767(12) 0.7993(7) 0.8508(3) 0.0222(13) 1 
N2 4e –0.0293(11) 0.3010(8) 0.9412(3) 0.0232(14) 1 
N3 4e 0.1754(10) 0.1101(6) 0.0395(3) 0.0160(11) 1 
N4 4e 0.3966(9) 0.3470(6) 0.0081(3) 0.0148(10) 1 
N5 4e –0.0500(9) 0.5880(6) 0.7716(3) 0.0147(10) 1 
N6 4e 0.3269(9) 0.1340(6) 0.9068(3) 0.0142(10) 1 
N7 4e 0.3740(9) 0.5332(6) 0.8302(3) 0.0135(10) 1 
N8 4e 0.3253(10) 0.7235(7) 0.7226(3) 0.0180(11) 1 
 
Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
Ba1 0.01060(15) 0.01704(18) 0.00997(16) 0.00062(12) 0.00058(11) 0.00091(12) 
Ba2 0.00999(15) 0.01716(18) 0.00885(15) 0.00129(12) 0.00074(11) 0.00120(12) 
Ba3 0.01510(17) 0.01637(18) 0.01011(16) 0.00055(13) 0.00180(12) –0.00095(13) 
Ba4 0.01398(17) 0.01549(18) 0.01310(17) –0.00243(13) –0.00050(12) –0.00070(13) 
Ba5 0.01681(17) 0.01841(19) 0.01040(16) –0.00241(14) 0.00154(12) –0.00153(13) 
Ba6 0.01654(17) 0.01480(18) 0.01152(16) 0.00138(13) 0.00065(12) 0.00035(13) 
Ba7 0.01581(17) 0.01902(19) 0.01041(16) –0.00342(14) –0.00029(12) 0.00177(13) 
V1 0.0090(4) 0.0125(4) 0.0048(4) 0.0004(3) 0.0008(2) 0.0004(3) 
Ta1 0.0090 0.0125 0.0048 0.0004 0.0008 0.0004 
                                                     
1
 V1/Ta1 and V2/Ta2 were treated as mixed sites. 
2
 ADPs were constrained to be equal for the pairs V1 Ta and V2 Ta2, respectively. 
3
 The following occupancy constraints were applied: occ(Ta1) = 1 – occ(V1); occ(Ta2) = 1 – occ(V2). 
188 
 
V2 0.0091(4) 0.0124(4) 0.0067(4) –0.0006(3) 0.0013(3) –0.0005(3) 
Ta2 0.0091 0.0124 0.0067 –0.0006 0.0013 –0.0005(3) 
N1 0.033(4) 0.024(3) 0.010(3) –0.001(3) 0.005(2) –0.002(2) 
N2 0.018(3) 0.035(4) 0.015(3) 0.009(3) –0.006(2) –0.004(3) 
N3 0.018(3) 0.017(3) 0.013(2) –0.004(2) 0.0055(19) –0.001(2) 
N4 0.015(2) 0.016(3) 0.013(2) –0.003(2) –0.0021(19) 0.000(2) 
N5 0.016(2) 0.016(3) 0.012(2) –0.002(2) –0.0017(19) –0.002(2) 
N6 0.013(2) 0.017(3) 0.013(2) –0.003(2) 0.0052(18) –0.004(2) 
N7 0.013(2) 0.014(2) 0.014(2) 0.0040(19) 0.0031(18) 0.001(2) 
N8 0.020(3) 0.019(3) 0.015(3) 0.003(2) 0.007(2) 0.003(2) 
 
Selected interatomic distances and angles 
















































































































































Molecular weight [g mol
–1
] 807.61 
Space group C2/m (#12) 
Lattice parameters  
a [Å] 10.6380(8) 
b [Å] 11.7835(7) 


















N(hkl)observed (Ihkl > 2σ(I)) 2199 










Residual electron density peaks [e Å
–3
] +4.50, –3.78 
Refinement software SHELXL-97 
 
Fractional atomic coordinates and equivalent displacement parameters (Å
2
) 
Atom Site x y z Ueq 
Ba1 4i 0.33636(5) 0 0.50502(6) 0.01569(12) 
Ba2 8j 0.67247(3) 0.23981(3) 0.25671(4) 0.01655(11) 
Ba3 4i 0.38610(5) 0 0.11713(6) 0.01630(12) 
Ba4 4i 0.92845(5) 0 0.29994(6) 0.01607(12) 
V1 4h 0.0000 0.24285(10) 1/2 0.0109(2) 
N1 8j 0.1330(5) 0.1502(4) 0.4900(6) 0.0153(8) 
N2 8j –0.0614(6) –0.3322(5) 0.3284(7) 0.0204(10) 
N3 4i 0.6503(7) 0 0.1813(8) 0.0143(11) 
 
Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
Ba1 0.0102(2) 0.0113(2) 0.0267(2) 0 0.00804(17) 0 
Ba2 0.01151(16) 0.01742(17) 0.02132(18) 0.00031(10) 0.00668(12) –0.00071(11) 
Ba3 0.0152(2) 0.0156(2) 0.0191(2) 0 0.00738(17) 0 
Ba4 0.0124(2) 0.0130(2) 0.0226(2) 0 0.00598(17) 0 
V1 0.0059(5) 0.0079(5) 0.0205(6) 0 0.0064(4) 0 
N1 0.0102(19) 0.0125(19) 0.026(2) 0.0017(14) 0.0094(17) –0.0001(16) 
N2 0.016(2) 0.016(2) 0.030(3) –0.0017(17) 0.009(2) –0.0039(19) 
N3 0.009(3) 0.019(3) 0.016(3) 0 0.006(2) 0 
 
Selected interatomic distances and angles 
























2.759(5)  2 
3.010(6)  2 
















110.1(2)  2 














2.861(5)  2 
2.876(5)  2 
2.758(7) 
1.816(5)  2 




Molecular weight [g mol
–1
] 611.99 
Space group P4/ncc (#130) 
Lattice parameters  
a [Å] 8.6730(5) 
c [Å] 12.4432(10) 
V [Å
3












N(hkl)observed (Ihkl > 2σ(I)) 816 








Residual electron density peaks [e Å
–3
] +1.24, –1.86 
Refinement software SHELXL-97 
 
Fractional atomic coordinates and equivalent displacement parameters (Å
2
) 
Atom Site x y z Ueq 
N1 16g 0.5501(4) 0.1406(4) 0.1118(3) 0.0107(6) 
Sr1 4c 1/4 1/4 0.15352(6) 0.01219(15) 
Sr2 16g 0.07635(4) 0.63269(4) 0.09827(3) 0.00852(10) 
Co1 8f 0.40890(6) –x 1/4 0.00891(14) 
 
Atomic displacement parameters (Å
2
) 
Atom U11 U22 U33 U12 U13 U23 
N1 0.0138(14) 0.0098(13) 0.0086(13) –0.0009(11) –0.0023(11) 0.0002(10) 
Sr1 0.01072(19) U11 0.0151(3) 0 0 0 
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Sr2 0.00899(15) 0.00776(15) 0.00879(16) –0.00084(11) 0.00058(10) 0.00006(10) 
Co1 0.0096(2) U11 0.0076(3) 0.0017(2) 0.00002(17) U13 
 
Selected interatomic distances and angles 
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